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Hlcroaachnaleaa  of  Crack, Catenaloa   la Alloy 

Akatract 

Tkl» work describee aa investigation of the effect of 
aenganeae bearing dtapersold pert Idea oa the fractura characterl at Ice 
of   peak   aged   Al   Hg   St   alloys. 

Currant alaatlr and alaatlc-pleatIc fractura toughnaaa paraeetere 
ara reviewed. UM applicability of theee parameters aa crltarla for 
it>» mm of crack catena I on and Ckalr variation with alloy 
alcraatructura *•• exnatnnd kaaad oa eaper lajent al raeulta far a ear lea 
of alloy« containing differing «cUa* fractlona of dlapereold Mlgk 
purity alloya were ueed to Isolate the affact of dleperaolda Iron that 
of coaraa coaatltuant particlae. Alao, for comparison, oa» alloy of 
coaaaerctal parity containing koth dlapereold» and coaraa lron-kaaring 
lacluatona   waa   »tu4i*4. 

Tka    duct 1 la     fractura     toughnaaa,     JIc       ^4    th#     raalataaca  ta 
mat ability aa aaaaurad ky tka taarlng aodulua, T, «ara found ca 
lacraaaa with dleperaold coatant. Tka values of tkaaa paraaatar• wara 
lowar la tka coenwrclel purity alloy than for tka äquivalent high 
purity   alloy. 

Tka affact of aa lncraaalngly trlaxlal atraaa atata aa fractura 
at rain waa aaaaurad using a aarla« of not chad '«nail« apaclaana. Tka 
alloy ductility waa found to lacraaaa with dlsparaoid coataat sad ta 
decrceee  with   lacraaaad  atraaa  trlaalallty. 

Crack tip plastic cona alsea 00 tha al dpi ana of coejaact tanaloa 
apaclaana wara aaaaurad using tha SIM alactron channelling pattam 
technique, lone alia waa found to corralata with tka square of tka 
applied atraaa latanalty factor. Tka conatant of proportionality 
aacraaaad wttk increasing dlaparsoid coataat. Tka calculated work par 
ualt araa of now crack surface «as found to correapond la tka duct 11a 
fractura   toughnaaa   aaaaurad   far   aach  alloy. 

Tkaaa reeulte ara eaplalnad la td)a» ot tka affact of allp 
dlatrtkutloa aa tka dominant alcroanchanleaa of crack »«tension. Tka 
atraaa and atratn dlatributlona la tka plaatlc aaaa ara tuen ralatad 
ta tka at croaatchaa tea» af crack aataaaloa ,,lng a seal cohesive aaaa 
aadal  af  tka  crack  tip  region. 
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»let    1 

nUCTUU   «C4AHICS njurruu. nu 

1.1     Introduction 

'It should tot not«4 that there are two iiirtat t^rM<-k«« to 
the fracture »roelea The flrat seek« to evot« «• far a« 
paaalele eey aiecuasloa of the physical processes occurring 
at ttw crack tts aa* look« for see or asr« characterltlee; 
parammff who as citttcal value, eaaeore« is tha caetli* 
laboratory, ceo he weee ta eases« the safety of tha 
structure. TVa Mcord approach put« aora m>nli oa 
laprovlo« our sat oral kaowieea* of fractur«, la tha belief 
that thla ««111 ultimately lead to a greater cost rol of It 
Clearly, eeeplte tha prassln« deaends oa tha eaglaear far 
I await late earlsloee, hot« approaches oust ht pursued, aot 
leaat bruauee chaaews la tha phyalcal processes of fractur« 
caa  altar   tha  eherecterlslae,  persaw tare  coaetderably 

Iwanr, thara ara aoaa naif-way bewae« HtwM« taws« 
two titrvatt Oa« la to —ha a »ery alapl« theory mmd ta try 
ta  hack  up  tha   predict lows  with  eapirlcal   reeults   " 

»A     alley   (iNi | 

( 

Professor lllhy'a stateeent claarly eepreeeee tha dual str*tegles 

of tha praaaat work. to consider tha fractur« procaea froa hath tha 

aacroacoplr aswj alcroacaplc point« of via« Tha aacroacoplr approach 

aaaha to determine tha Lara» ecale paraaatar« that eaatral crack 

esteeeloe, whlla tha alcroaachaalat1c approach aaaha ta clarify the 

affect of ale roe tructwra aa fractur« To ehtela a hatter waeeretaedlea} 

ef the way« the alcroet ructure of alloy« caa ha altered ta laprewe 

their   resistance   te  fracture   la   tha  objective  ef   both  approaches 

Chapter Owe ef thla theala flrat eaaelees the aacroacoplr 

approach ta the character I tat too ef crack aataaeloe. creek eateealae 

criteria  that   hewa    evcivad   f.-ea th«.    field  ef   fracture    aechaalca  are 



• 

hrtafly rt«i»wü Mast, th« affact af aatartal oicroatrwctura oa 

»1 rj«*ch<niia« of crack aataoaloa, t'.lp 11 atrlout to« aaja1 crack tip 

pU«(k IDM procaaaca la coaaloarod. Finally, tka apoclftc r«M«r,h 

jalirtaaaa ce clarify tha rala: toaahlp aatwaan alcroaioplc crack tip 

aaforaatloa aa4 aacroacoolc aatartal char ac tar li lna, paraaatara la 

praaoataal. 

1-2     Fractura Wackaalca 

Fractura laoiiaa tha aoaarat loo of a majajgnaat lato two or aora 

placaa, r«g«r41aaa of «n«th«r or aoc chat .aapumnt coataiaa initial 

flawa ar cracka- If tka cnaaonant coataiaa aa Initial crack, than 

crack aataaaloa hacoajaa tha flrat ttaaa of tka procaaa ultlaataly 

laaallat  ta    fracture       la  »ritt aatarlal,     tka  crack    any   pronnajata 

raalaly oaca It kaa hafjua ta astaaal ao that tka rnajaoaaat fracturaa 

cacaatroahlcally. 1.a- hy aaatakla crack propagat loo. loai\-at, If tka 

aatartal la ralatlwaly awctlla, tta graatar raatataaca to Initial 

crack aataoaloa aay pa rait tka crack to pronaf-ata la a alow, atakla 

«nor.        tack     roalacaocea     to     hack     initial     crack     aataaaloa       ana 

loont crack propagation ara tnoortant conalaaratlona whan 

anlactiaa,   a  aatarlal   for   oaay   ocalgn   application*. 

Fractura anrhantea, aawaloaaa aa a aathow to aaalysa atnactwraa 

containing cracka,la aonnthing of a aiinoatr aloea Cha crack aooa oat 

aacaaaarlly lnno ta fractura. aawarthalaaa, fractura aachanlca haa 

cootrlhutaa graatly ta tha affactlaa «aa tg» of acmctural conpooanta, 

particularly   to knawlanaa of   tka  acraaaaa   la a kaay  aaar a crack  tip 



1,2.1     roreatlat loa of  Crack  Tie Equations 

( 

U«tir tUttlc fracture itchwlci (Lin») la baaed oe aa Ideal. 

«laatlc solid (l.a., aaa that la hoattgeaeoae. leotroetc aud obey a 

looke'a La«) coaforel'| to the oatlnoua aechaalca ralatloa for 

atreeaee aad «train«. Tbua UtrK ralacloaa for tha «traeae« ana «train« 

la a body containing a crack oust eatlafy tha requlreoanta for 

aejulllbrlua of «traaaaa, coaapat Ibl 111 y of «train« aad tha boundary 

condition« of t«w crack gaoaatry. eecauee eevaral author« luvt 

adäquatal> preeeated tha ievelopeant of tha«» aquation«, including 

•roek (ItTt), Kaott (1*73) and Parker (INI), tha «ub)act «til only ha 

briefly   reviewed  here. 

The objective of the LIPN analysis la to ohtala exareaeloae, 

satisfying tha condition« aentloaed above, far the atreeaee la a body 

coat«lain« a crack ta tense of the loada mmi the geoajetry. rar the 

aal« «ystae ahaani la fig- 1.1, thee« «spraaalona can be obtained by 

cona'during oaly atreeee« la tha I-T plane, aad then «at«adlog this 

Initial reauit lato three dlaenalon« Airy (1M2) .-aa the flret ta 

aaejonatrat« that a streee function a caa aalat ehlcn give« the 

atreeaee   aa   foil« 

t!1 

*TI -»'• (1.1) 

»a», 



*.t an ha ehown (o.g., Iroak, lt7g) that CIM Airy atraaa function 

» aatlflaa tlM agulltbrlua and continuity raautrnaanta• Howovar, the 

problaa then btcowi on« ->f aartvtng a fut .loo a that aleo aattaflaa 

tha boundary ondlilone waatergoard (19)9) proooaod a ablution. In 

taraa of a coaplaa function a, applicable to a body cootalalag a aharp 

crack aad aub)a.ctad to aode I loading (aaa fig. la2). To aUaallfy tha 

boundary cuwittoni, »eatergaard applied tha coaalea function to tha 

apectflc caaa of aa laflnlta ahaat under blaalal loading a, containing 

a crack of langth 2a lee ahown In fig. I 1). Thua by Jadlctoua chalca 

of tha coaalaa function, tha crack tip atraaaaa ara given la polar 

coordtnataa  aa: 

'«a  - g/äa  coa»(l-alnaaln3«)  • additional 

• !ii 2 2 2 tai 

',y   «   j»ia  coea<l*elnaaln]«>   • additional 

/Jir 2 I I tat 

(1.2) 

•/«a atancoeacoeJ« • addltl 

/Kt 2       2 2 tan» 

If tha point (r.v) la efficiently cloaa to tha crack tip, tha 

additional taraa rafarrad to la eg. (1.2) ara aagllglbl« caaaered ta 

tha flrat tara. Tale alaatlc eolwtloe pradlcta laflatta atraaaaa at 

tha crack tip (r-^ thaaa ara aat laflatta la practice *»ace plaatlc 

flaw occara la tha highly atraaaad ragloo aaar tha tip. however, If 

thla ragloo of plaatlc flaw la aaall canape red la tha rag Ion onr which 

tha r-'" tara deataatea tha ttr—m flald (aajall acala yielding). It 

aay     ha     •mail     that     tha    flrat     taraa     fa ag.     (1.2*   determine  tha 



hahawlour   of   tha  crack.   Ulla   aaauaattoo   foraa   the   hast«  of   LIFM. 

Howiwf, tlM Vaatargaard aolutloa waa oarirad for tkt »pacific 

caa« of halancad biaalal caaatoa. Slh (1***) and Iftl« ana Llaboultt 

(1972) doaoaatratad that tha Waatargaard aolutloa la not coajplataly 

corract. Aloe, for tha nor« coaaaoa caaa of uataalal taaaloa, tha 

raaul' auat ha aodlfiad by auporlapoalag a praaaura of (-a) la tha I 

dlractlon (fig. l.l), aaktng J,, -0 at larga valua. of r. aovavat . 

thaaa corract loaa do not affoct tha vil» of tha atraaaaa oaar tha 

crack   tip 

Irwin (l**i), racogalslag tha group of imrmm o/äa ta oa. (1.2) a« 

a foadaaantal quantity, laballad tha« th« atraaa lataoalty factor K. 

»or aa laflaltaly aharp crack la aa laflaltaly «Ida alaatlc plat«, tha 

atraaa   lataaalty   factor   caa  now  ha  daflnad  a«: 

*I  -  •/«• (1.1) 

< 

Tha   auhacrlpt   oo  K  rapraaanta   aoda   I   apaalag.     Similarly,   •](   ,na 

*4ll   rapraaaot   tha   atraaa   Intanalty     factor«   for   and«   II   mmd     aoda   III 

opening   (aaa   fig.      1.2).     Per  a  body  with   Halt«  dfaaaaloaa,   ag.   (1.1) 

*1  -  TaVäa (1.*) 

whara T la a also corract Ion factor I haa bacooja aa laaortaut 

paraaatai la tha flald of fractwro aochaalea bacauaa It charactarlaaa 

tha atraaa flald around t.w crack tip. Thua. If I can ha datarat and 

far a »pacific gaaaatry aad loading altuatloa, tha aawarlty of tha 

crock tip atraaa •lagularlty can h» coaaaarad to choc of »char 

altarnatlva gaiaatrlaa aad loading »Ituatloaa whar« K la kaum- Thla 

capability   la a  «alaabla  tool   la  itiurtaral   daalgn 



tawrltlaa, «q. (1.1) In taraja of the itrau inuniliy factor 

flvoa: 

'„   -  K.  cMl(l-lUllli)l) 

/Tit    2 2 2 

'yy   •   I.  coaen*alnd«ln)e) (1.5) 

/Ttr    2 2 2 

*wf • Ik coatalaaalal* 

^?r    2      2 2 

9U   -0 for   pi«n«   itrm 

tt   "   '( *«»*Jyy>       for   plan«   at rain 

At thla point, >n» othar gaoaattrlc factor, indicated la th« 

lattar two a«pr«aalo*a of «a,- (1*). auat ha aotad- Plan* atraaa aa* 

plan* «trait, rafar to th« Idaaltted situation« of «lth«r a totally two 

dlaaaatonal atraaa flald or two dlaamalonal daforwat ton• Par aaaoal«, 

plan« atraaa condition« ara approilaated la a thin ahaat• aaxaua« tta 

froa awrfacaa cannot traaaalt a loo« la th* direction aaraonalcular to 

th« ahaat. <>M ,, f,ro 4| th# awrfaca ana roaalna awall acrooa th« 

thlckn*«« Plan* atrala condition« ara aaoroaluatcd on tha aid-pi «a« 

of a thick plat« hecauee of constraint from th* awrroundlag alaattc 

aatarlal.     la  thla  caaa,   tha  Polaaoo'«  atrala  la  aravonto*  (€,_«<))  aa* 

a*r'A9*x+<tyy).     *a     Lafco     (l«7o)     «ad     toyd     (1*72)   ha««   potnt«d   out. 

caution   ahoutd  ha  uooo  whoa    applying,  tha   concept   of   plan*     atraaa   and 

•loo*     atrala     to     actual     fractured     oaterlala   alnce   plan«   atraaa   and 

plana       atrala      ara       ldeellied       eatrewe« Th«lr       **•    «tapltftee 

calculation«,     hat   «Mt   practical   situation«   11«  aoaawhara   hatwaoa 



two   «Mr«*** 

1.1.1    Haa».lclty Corractl to 

Tha e^uattooa for «rack tip «traaaaa aarlvad fro« llaaar 

•flfttticley pradlec a atraaa alagularfty at clM crack eta (a • • M 

r • 0) with cKa acraaa latenaltv factor K coot roll to« tha eava.Ity of 

tha alngularlty. Slaca tha atraaaaa within tha aatarlal caaoot bacoaa 

laftalta, althar lta fractura atraaa o. ^u g, .««..4,0« ,-*i fractura 

»111 occur or tha ft a la atraagth 0y will ^ aaaajaaja* „^ cha aatarlal 

will plaatlcally dafora. Tha graat aa)orlty of engineering aatarlal« 

will ehow eoaa plaatlrlty at tha crack tip- Slaca tha degree of thla 

»laattrttT — reflected by tha crack tip plaetlr ion« alsa — will 

oheloaaly affact tha crack tip atraaaaa, It la laportaat to ha ahla to 

calculate   tha   plaatlc   tooa   alia. 

Lank ford at al. (1977) provide a« excel leat review of tha varloua 

eathoea of plaatlc tooa alaa calculetloaa; thalr notation la ueed 

hare- Lot rp r«pr.,«nt tha actual plaatlc tooa alaa ana r, through r# 

rapraaaat   tha   varloua  aatlaataa  of   plaatlc   IOM   alaa. 

Tha flrat eetlaate of plaatlc ion« alaa uaaa ea,. (1.)) far tha 

y-alractloa atraaa at tha tip of a eherp crack la aa Inrlalta plata 

(aaa   fig.    1.4)  with   •  aat   equal   to  0°,   giving 

•  Kj (»••) 

/T?r 

tl tat lag  tha  via id  atraaa   iy  for   ajy  eae 

r.  . 1    t 

1. v 

aolvlng  far   r gl 



Taa  actual   plastic   tea»  will   a*   largar   than   L,   howavar.     baeaua* 

tha     load     rapraaaotad     air     tha     ahadad     raglon     la     ft»       I.«  will   «a 

aupportad   by   tha     aatartal   taawaHataly  ahaad     *t   tha   r,      plaatlc   ion« 

Thta  aadad   load  cauaaa  aor»  aatarlal   to ylald  ao  that   taa  plaatlc   IOM 

Ucoawa   r,   'fig-   »•*)•   lie«   <!•*'>   auggaatad   r,«2r, ,   wteara 

t,   -   1  E    • (i.«) 

( 

Irwlo (IMO) aalatalaad that It la aot nacaaaary to kaow tha 

tun ati« and «hap« of tha plastic too*. Sloe« plasticity at tha 

crack tip craataa largar dltplacaaaota aad tha aatarlal aas loaisr 

atiffaasa taaa waan totally alaatlc, tha plasticity aakaa taa crack 

ban«*»  as   If   It  wara   loagjar  taaa  lta  actual   alta-     CaaWQMM1»,   Irmim 

propoaad    a    plastic     too*    cerractloa    factor     r   *  auch  that,     la  tha 

aquation     for    atraaa     lataaalty,     taa    crack     langth  a  la   raplarad  ay 

( 

•••• 

lrwln   choa* 

*   -   0¥*(S*T,") 

r  • - r •        11 
1/T   a»*T <*_' 

I    K I 

<!••) 

(1.10) 

Muatloaa   (I.*)  aad  (1.10),     la watch  E  la glvan   la  taraa of     rp 

aatf  rp*   la  glvan   la  taraa  of   R,     tapir  that   I auat   k*  aataralaad  ay  aa 

Itaratta*  procaaa.     Altbowg»  a plaatlc  soaa  earractlo«  factor  allows  a 

it   to ka aa 

aatlaata  of   taa   trua  plastic  saaa slsa,   although  It   Is  fraawantly 

aor«    aaact     calculation    of    I,     Irwin »     r  *    *mm  aot 



( 

(fegdale (l*aO) proposed a dlffaraat approsch, post ••ting • aodsl 

which uiuati that yisldlng occur« la • narrow «trip shssd of th« 

crock (fig. I.»), leeaetlaity, th« crack of length 2a. with yield 

MMI «t th« crock tip, ia replaced by a totally alaatlc crack of 

length Ha+r ) plus a crack of length 2(a-vT. ) which is prevented fro« 

oaanlag  owar   th«   regloo   r.   by   raatralnlag  «trass««  equal   to  th«     fla Id 

«tr«aa a r, la dateralaed auch that th« atraaa at tha crack tip 

M»n,) la flalt«. Thle aa that tho K data to tha two awaarlaeoaad 

cracka la aaro.  la othar word«,  tha atraaa lot«aaltv factor« for tha 

cracka of langt h 2(a*T,) ar« equal la aagnttud« but >pposlia In alga. 

Since espreealoce for tha alaatlc K caa ka deteratned la aach caaa  la 

taraa of (a+r ), tj can ha f 

«   K (l.ll) 

•«/ 

although uaafwl ma a aaeoe of calculating plaatic aoaa ala«. tha 

fcajhsal* aod«) laaaa loat pfcyelcal «IgnlfIcaaca by requiring a aaro 

atraaa Intensity factor at (a+Tj ), la «ffact laplying that a Ougdal« 

crack ha« ao driving fore« for crack aateaelon- (Tha concept of a 

crack driving farca will ha coaalaared in aaaja dot all Latar.) a 

• tallar aod« 1 «a« prapaaadid by taranblatt (1H2) using aalacular 

cohaalv« farcaa to ellaiaate tha crack tip atraaa singularity. Alao. 

ttlby. C«*trail aad Swlndeo (Ifal) developed thalr SCS aod«l. which 

waaloy« a caatlawoualy distributed array of dislocation« Owarall, tha 

Dw#d«l«, taranblatt aad KS aod«Is ylald stallst prediction« far 

plaatic   saa«  «la«. 

1— tar, the! i «st tastes aaly coaelder aaa dlaanalon af tha throe 

dlaeaaloaal   plaatic     aoaa       Nare   precise     pradlctloaa   af     plaatic   soaa 



• la« coaalaar tha «tat« of atraaa (plan« atraaa or plan« attain 

tafcrrad to aarllar) «pd taw ytald coalition. For aaaaal«. tha Traaca 

ytald condition itatao that ylaldtng will occur what, th* Milan 

»Had ahtar atraaa aaxanda a critical »aluc t   |>a: 

'aax - °^°j_iTy (1 12) 

wfcara a and o. ara tha Mil nun and aialauai principal atraaaaa. 

raopactlvaly. In ualaalal tanaloa th» aailnun appltad oonaal atraaa la 

talc» th« aaxiaua appllad ahaar «traaa (Oj-0), and ag. (1.12) raducaa 

to 

( 
(l.U) 

AltarnatIraly,     tha     von    Hlaaa     ylald     crltarloa     la     baaad  on  a 

ilaua   In  atraln  anargy  daoatty  ami  la  glran   ay   (Iroafc,   191$,   pf  »6 

( 
Tha «en Hlaaa crltarloa haa haaa found to cloaaly pradlet tha 

a*aarla»atal   raaulta   far   tha  oaaat   of   ylaldtng   In  aucttla  natal* 

If tha crack tip atraaa flald «guatlaaa (1 S) ara raarrlttaa la 

tarna  of   principal   atraaaaa.   tha   following aauat1oao  raault: 



1   •     1    coe»(l*ala#) 
_—.        ^—            a* 
/lit         2             2 

Oj   -       K    cotl(l-ilil) (l.U) 

|                                                                    /Twr          2              2 

j     •  0  for   pi«*«   si tees 

I 

°i "   rf<a, *°2)   "  2v K coa«     for   plane   strat« 

/Kir 2 

SuastItutIn«  equations   (1.15)   lato   the   «on  Ml»««   yield     coodlttoo 

«How«   solution   for   th«   boundary  of   th«  plsstlc   too«  «•   •   function     of 

•    A4 

V#)  -      f       *la'»*<l-2v><<l*coe»>j 

•.ay' [2 I 
(l.U) 

for   plea«   «train 

"uj«ln'»+co«"| 

-7 J 
for   plaae   atr»a« 

Tale le equivalent to th« first «stlaate of plastic BOO« als« r.. 

la fact, swfcst Mut las, e«0 In the plan« stress equation for ' <») give« 

tao  sasH   r«a»lf   aa  «a.   (I.?) 

rp(*-0)   -     I  l'   '   '. 

V 
(1.12) 

2.   - I 

»»er.   the   plea«   strata  oaoatloa  fives 

II 



1 

r»<«-0)   -  (l-2v)'   «_J (l.l«) 

»   .,< 

Tnarsfors, tlM plan« itrtti vatua for tp at 9-0° !• naoroaienMaly 

I •*••   tlaw*   grsatnr   than   the   plan«   strain   r Thua.     tha   plant'.c     too« 

slss estlaate t applies accurately to tha plena itrtti situation but 

grsstly   overestlaatas   tha   plans   at rain   plaatlc   too« 

Whoa *^u4tlMi (1.1*) sre plott»4 on norwnllted tsas aa la fig. 

1.7, en« relativ« alia* a« a function of 4 of calculated plan« «treat 

tad plan« atraln plastic too«« aaarg*. Due to thas« differences 1« 

• It« and snap«, any plate that is thick soough to saaroalaat« plan« 

strain constraint on tea aid-plan« would develop « three dlawns loos 1 

plastic soa« through tha thickness aa shown In fig. 1.4. loeiii, 

McCUatork and Irwin (IM)) fait It unlikely ttwt swfflclsot 

coos'ralnt would ha gaaarataa to produce a plans strain plastic soa« 

that Is nine tlaas aaallsr than tha plan« straas plaatlc ton«. Thatr 

•stlaate of this constraint reduces tha plaaa strsln plastic ton« to 

shout on« third tha plans straas ton« Therefor«, two additional 

«stlaate« of tha plaaa strata plastic ton« sis« can ha and« kasad mm 

r,   sad   t,   (Lankford  «t   al..   1977)   sa 

r4   - r%   -    1       g • (..!• 

•    S v 
7 

1 g   • (1.10) 

Mara accttrata «st lastet use ft alt« slaawnt awthoas which tab.« 

taco accouat aat«rt«l hereeatng character 1sttcs (a.g. lice anal Trscey, 

197)  and   Trscey.      1971   and     1979).     Twees   studI«a   show   that     tha   plan« 

12 



•train plaetlc COM la not ayamaetrU about the y-axla (ttM vertical 

axis In flga. 1.7 aarf l.e). Instead, the lobes ara rotated forward 

toward th« horlsontal aalt ao that the Wilma plastic ion« dlannaloci 

occur«  at   s   •   Hf. 

according to lie« and Ueo|.in (IMC), the alaatlc IOM alt« la 

• lightly affected by th« work hardening rata for a power Law hardenlng 

•atari«)   whoa«   trut   atr«aa-true   strain  cur»«   !•  deecrlbed   by 

a  - he" (1.21) 

( 

; 

( 

where k la • cooatant and N 1« th« work hardening exponent- They 

ahaw«d that th« astxlMue dlataoc« fro« th« crack tip to th« 

alaatlc-alaatlc boundary wa« at 9*100? Alao, they found tha. for 

>•<».   ',   i,  gi^tn  by 

r   (e-Oo)   - 0.007   K    • 

*  i 

(1.22) 

a great aany theoretical ««tlaatee of plaetlc too« «1«« have 

been postulated, beaed oe various aeauasptloaa «nd using dtffereot 

•edel« for their calculation«. It 1« perhapa noteworthy that the «ally 

natallurglcai variables Involved In theaa eetlajate« are yield strength 

east «train hardening rate- The —II in' of effort expended to calculate 

plaetlc son« «tse go«« far beyond It« value aa a correction factor to 

LlfTi «traas leteaelty factor«; the tatareat la the crack tip plaetlc 

son« reflect« It« laxpertance In the natallurglcai «lew ef crack 

eateeeloo and, ultleately, fracture- Since It la widely felt that Che 

•nergy required for fracture la expended la this crack tip ssa«, valid 

fracture criteria asset relate to the eeforaatloa proceeeea occurring 

la Che  crack   tip pleat 1c   soe* 

•JP -a« 



1.3  Fracture Criteria 

\ 

I 

Prior to considering the alcro-wctunlst u aspects >f crock 

eatens Ion, ehe ao)or oacroscoplc parameters lo current UM •• froctur« 

crltort« will ho r«viewed These criteria Include Che energy releooe 

race C, screes Intensity toccor K, crock tip opening displacement 6, 

eod coo J-loCagral- lh»der lying each of those theories lo the 

aoousjpcloo chot frocture will occur once s critical value of coo 

applicable parameter ts achieved The ay asm 1 for Cols parameter Is 

given s subscript c Co represent the crlClcol value. Of Che theories 

mentioned, ehe energy roloaae race was the flroc Co he dove] 

on   the  early  work  of  Griffith. 

1.3.1 «alease   Kate 

Griffith (1920) reasoned choc crock em tens lor. of o sow, 11 

Increment do would occur at the tip of a crock of length 2a whan Che 

cotol   energy   I  of   the   cracked   body   la   decreased   by   the   estenslon,   1-e- 

<  0 (1.23) 

Gousldeting the caae of a crockod place of thickness I undor a 

load P, the total eoorgy I of the systoo la copposed of the elastic 

emargy 0 contained lo too pla'e, the work t perforated by the oat«:oal 

forco and the eoorgy U for crack formation Too Griffith comeUtloo of 

•ttoo     (1.23)     can     bo       written    «o     cho     comaUtioa       for     moutrol 

14 



eoulllbrlua 

d   (U-r-Mf)   -  0 (I•2* ) 

or     4   (9-0)   - 

TW laft aide of tlM MCOWI f^iutto« (1.2*) rapraeaata »he eaergy 

leading to extend the crack «ad, »la-« It It«« dl «en«lone of fore« per 

•Mit length. Is often called CIM cr«cfc exteneloo fore«• Th* right «14« 

of equation (1.24) r«fi«ct« eh« eaargy appoelag crack eateaelo« — the 

crack   raeletaace   for  * 

toyd (1*72) provldae a« excellent rewieu of Griffith'« evaluation 

of ck« ttm In equation (1.24). Griffith co«*ld«r«d th« «articular 

probie« of the fracture of giaaa. Me M«uMd the' gleaa fractured «o 

quickly that tktri IM« «O tlae for external «aarg« t > k« aaalled, ac 

that df/d«-0. Sine* glaaa la a «wry brittle auhateoce «hlch ha 

eaaetdered unable to aefora plaetlcally, he «at the eaargy for crack 

foraatton, 4M/4m, equal to ttrice tha surface eaargy » («lac« two aa*> 

•urfaca«   «r«   foraad   «»hen   the   crack   «at«ad«)   auch   that   dhl/de-2» 

Tha tar« dhf/de la tha tUttU «train energy releeead by «alt 

•xtenalon of tha crack. Par «aaaxele. eh« area uaaar the elaatlc 

eorMon of a atreaa at rain curve glaaa tha elaatlc «train eaargy par 

«ait   eoluaja   for   a  given   aaouttt   of   «train.   Thl«   araa   la   preport loaal   to 

r1 1 »r»     a   1«     the 11ad     atreaa I   i«     tha alaat lc 

15 



; 

Thorafora,   aoa  »ould  «i 

40 -   *» 

A«       I 

<!•») 

Griffith uood a aolutlon dart»od by Uwjlla for tho itrtti flald 

la eha rlclalty of «a alltotlcal ho I a la a« taftnlta, thlo laoln*. Has 

roault 

- -2*a*» (1.2») 

tat urn lag   to aquotlern   (1.24)   and   aubotltutlag  for  aoch  tern glvoa 

2«<r^a   a  4T 

I 

(1.27) 

nil« aquation rapra.ant• a crack chat ta on tho threshold of 

laotablllty. Griffith than aolwod thla aquation for tha critical «aluo 

of   ac raaa   J. ta ffom  rho     crack   for  »kick   tha  crack  would     «»tend. 

giving 

'-r=r (l-2t) 

o 

Thla aquation gava Griffith aotlafactory aradtctlona for tha 

fractura atraaa of »ritt la glaaa but lovolrod qwlta a fow aaauoatlona. 

A aajor ooo Is that tho aoorgy for crack for«at to« tor« St/4» la host 

Cho oarfaca anargy of tho now crock facoa. Irwin (l*4ol rocof* 1««4 tho 

rtooca of Griffith • aquation hut rooltso« thot la a aotal. crack 

aatanaloa   roqulroa     aoargy   for     oow  aurfocoo     alua  aaargy     for  alaatlr 

1* 



Jefjreatloa   ee   taa     crack   rip  plastic 

Griffith  «Matte«   (l.U)   bscoass 

advances-     Therefore,     tha 

mrn9) <l.»> 

The   plastic   work,   energy   «       la  considered   to   ha   auch     larger   than 

tha surface eejsrgy tara • and ao the latter la aoraallr •aglsetss' for 

aatala. Irwin than daooted by C taa total norm par ualt araa of crack 

extension aV/dS-C anirh includes tha theoretical surface energy aod 

the *o*k absorbed la causing plaatlc flow daring fracture- Ea.ua t loo 

(1.20)   caa  aa   rewritten 

"1=1 (1.10) 

Strictly speaking, this equation la oaly correct precisely at taa 

tat of crack eatenaton «here 

*e - «V • -dU 

«a   4a 

(1.11) 

tear,     C  has     coaa   to     represent   tha     energy   release     rate   (or 

energy   absorption   rate)   la  general   ao  that   for   a  plate  of   thickness   I 

C «  -1   #• 

I  ea 

(I. Ml 

Taa ass of C as a' fracture criterion la depleted la fig. I.*. By 

•••«•lag that tha crack growth raalataace I Is Independent of crack 

alsa,    rear ranglag  equation   (1.10)   for   tha   gsasral   case   of   plan«:   '.train 

i; 



( 

( 

C   -   (l-v')«< «a (I.M) 

(or   a   gl»an  crack   length   fracture  will   occur   ehan  C   * Gc   . g.   fW 

taa C   line«   ehoam   represent   two  crack   iengthe  rian  •» *•, -     **• •>*•• 

of   tha  C   UM   for   crack   length   a.   la   aaaller   that   for   af   Indicating     a 

aaaller   critical   atraaa   required   for   the   lonarr   crack-     Thue  Gc CAH   be 

irdad   mm  a  aatarlal   property-      I«  or dar   to  uae  C  la  daetga. It     la 

:*a«ary   to   calculate   C   far   a   particular   coafIguratloa.      troek (197S) 

that     far  a     plat*   of     thlckeeea   •    uader   a     load   F,     tha aaargy 

ralaaaa   rat«   la  gl*wn   ay 

C       f*   K 

21  »a 

(l.M) 

»here *C/*a represent« tha chaaga la coajallaaca of tha plate par ualt 

crack  aataaaloa.     Tha  critical     »a lea  of  C     la  plaaa  atrala     (labelled 

Clc) caa ha found «aperlaantallr for a particular aatarlal la auch a 

roof lgurat ion,        ana*     tha     value     of     C     calculated     froa    any       other 

configuration caa ha -oaaared ta thle aatarlal paraaatar Cjc yha 

aaargy ralaaaa rata C haa tha uatta of «ark par uatt araa of aaw crack 

earface, equivalent dlaanalonal ly ta forca par ualt length of crack 

front   giving   rlae   ta  tha   tara  crack   aataaaloa   forca- 

i, although aany aaauaptlone ara Involved, tha aaargy approach 

a fracture crltertoa la tha fora of a critical aaargy ralaaaa 

race- Thie raaalt lead« directly ta tha crlCtcal atraaa tateaalty 

crltarlaa- 



( 

( 

1.1.2    S»«M   lataaaltj  Factor 

TW «cress Intensity factor ft* as gtvwa la equation a (1.1) ami 

(1-*) Is tbs aost coaaoolr us«« ascroacoslc fractur« aaraaatar. 

Subatltuttag  aquation   (1.3)   lato aauatloa   (1.13)  gi «aa 

C - (1-v')«' slsaa  «trala (111) 

I 

C - t1 slaaa strsss 

If   thars     la  a    critical   slaaa    atrata aaarsjr     ralaaaa   rat«    Gjc 

thars   la  also  a    c-or responding critical   plan*  atrata    atraaa   Intensity 

factor. KIc ta aaftoe*- for slaaa «train rather than plan« «treaa 

kecaus« th« critical itrtti InttniKf for crack tittntion K( vartaa 

vita thickness as «boom la flg. 1.1C. altar aa latttal eaar» lncrsss« 

etth   thick»«««   for     «arv  thin  «hast«     (g«2aa  for   'on-U    Al),     tba K£ 

arrimi with thickness to a Halting «aloe, t\c. Till a la sue to too 

lacraasa  la  constraint   rafarra4  to  la Sactloa   1.2.1.     Mesa defines     la 

this say, «Jp r#pr#««nt« tba aorat eaaa coaatltioa for c particular 

aatsrlsl east ao can ha takaa aa a astarlal aaraaatar. Itasa, «Ic (, 

aaftaaal aa tha slaaa «train fractur« toughness Unfortunately, thla la 

• •as «list a« a aaeaoaer «lac« »u u ^mmm4 ^ G ^i^ ftj aaflnaa" aa tha 

elastic aaarsjr ralaaaa rat«. ftpsaear. 1,,. |# .,,,, eo^i^re«! a «all* 

astarlal aaraaatar sad fractur« crttarlaa aa long as tha plaetic aoaa 

at th« crack tip Is aaall la ralatloa ta tha crack langth aag 

eiaaasiea* af tha taat placa. Specific Halt at to«« aa thla aaall arala 

yleistag  raaatrcaaat  «ill  hs eaaalaarstf  ta Chaster  2. 

I« 



TW fractura crltarla dtaruasad so Ur ara baa ad as llatir 

• lastic fractura aachaalca and can ha appllad oaly whan tha aaall 

seals yialdtna coadltlona apply Thwa Cfc and K,r ,4^, Mtlafactory 

raaulta for tha fractura tough.isaa of laharaotly hrlttla aatarlala mmd 

oaaa with high yield at rangths. Hovsvar. »tructwral ataala «ad 

alualniuw alloy» oftan have low at rangth and high towghaaas which 

»••If plaatlrlry hsfora fractura. In thsaa aatarlala LCPN u*uaatlani 

no loagsr apply, «ad th# foal la to da «a lop auitabla alaatic-plaatic 

fractura  crltarla. 

1.1.3    Crack  Owanlag  Maplacaaaat 

( 

< 

TW noad far a fractura paraaatar that would allow for larga 

lata of plaatlrltr aad fat would ba ralatad to tha anargy aad 

atraaa latanrlty concapta raaultad la tha crack opening dlaplacaaant 

(COO) approach. Thia approach aaauaaa that fractura will occur whan 

tha local atr*a*-strala condition» la tha region cleee to tha crack 

tip aacaad eoea critical »alus that la a function of tha aatarlal 

propart la» Walla (1M2) propoaad that tha crack opening dlaplacaaant 

la a aaaaura of tha work daaa la eatendlag tha crack. Na alao point ad 

owt that tha COO could ha ralatad directly to C and K whan LCTM 

caadltleaa apply, lata follow» fraa tha Dugdala aadal aanttoaad 

pra«toualy (Owadala. 1M0) aad la ahaaa la fig. I.e. ftardakla aad 

tCaaa (lfaw) pal at aat that tha »operation of tha crack facaa at tha 

tip af   a  Ouadala  crack   la gives  by 

•  •  aV,ya   la 

•I 

• a (l.H) 

to 



where     9    la     tha    react»ly    applied     (•»•it«   itrtti.     waar   0  Is  mil 

roapared   to  <>r>   tho  COO can  be  epproalaeted   («alng «quarto«   H.13))  by 

I - aa^a - Cj (l.J?) I 

Therefore, 

• 

(l.M) 

1 

( 

r»»u« uhen LCfM cooditloaa apply, the critical COO la equivalent 

to a critical CM I. low »at. 000 wae developed aa a candidate for a 

fracture paraaater to ba applied whan thar« la caaelderable 

plaetltlty; it« validity aa auch dapenda aa tha critical COO bain« a 

unique che.acrericactoo of the fractur« maletaace of «oy particular 

ductile Material- Unfortunately, eapertaental aaterafnation of 000 la 

eztraaaly difficult bath to parfora and to at ndardli« Por eaaaple, 

thar» la no widely accaptad praclaa definition fot th« poaltton within 

tha crack where tha COO ahould ba enaaur-d. Nach of tha literature now 

rafara to CTOO, far crack tip openIn« dleplaceaent. preeuaably ta 

dlattaguteh tha tip dleplaceaent fro« dleplaceaent »1»»where along th« 

crack, e.g. th« load ltaa. rar tewajh aatertala, thara la alao tha 

problaa of alow »table crack growth aaklng «aftn'ttoa of th« praclaa 

aaaaat of crack aataaatoa difficult. Alao, application of a critical 

CTOO far a particular daalga atrwetwre cawaaa problaa« bacaaae a 

fracture atraaa ar a critical crack alaa cannot ba calculated 

direct 1». It aaaaa that tha aa yer utility a# a critical CTOO la aa aa 

•aplrlcal   «alaa  watch  provide»  a  relative   aaaaure  af   toaghnaee- 

llace     tha    000    approach    4—    aat     ganarally    aaaltfy    aa       «a 



alsstlc-plaatlc   fracture  criterion,     auch  attention  Has   been glean    to 

tbe   J-tntegral. 

1.1.*    Ta» J-tategral 

TW Cje «nd I(c fractur- criteria are strictly valid only for 

Lint. but they or« useful also «ho« atrlct roe.ul rename art pieced on 

the «ar>unt of plasticity (••all scale yielding). Per nsny stroctursl 

aetala,     dlaenalone   of   tout   speciaana     auat   be  prohibitively   large     to 

obtalr a valid k^. „„ j-t„tegral aa de Mond by tic« (!•••) hae ba«n 

regarded aa aa elastic-plastic fractura pareoatter that will 

accosasodat«   larger   plasticity  sad   thus  allow  determine!loa  of   Jjc   from 

relatively   Mill   spaclaens. 

tics <l«*s) defined s two dliaenetonnl energy Una lnt.gr« 1 aa 

follows   (flf.   1.11) 

h T>wda 

•« 

(l.W) 

where W • strain soargy density   *   jest 

T • tractloa  «actor   parpondlcular   to  tbe   Una 

•  - displacement   In   tbn   1  direct loo 

ee  • en alasiaat   of   tba   Una 

r  a tba  cloaad  caatowr   followed  count erelockwl»» 

•lea   (1*M)   • bowed  that   tba   Una   latagrsl   Is  path   lads pa ads nt 

ttowr   «rowed  a crack   tip anal  tbat   •ander   LfFM  condltl< 

J • C • -I  Ml 

I  »s 

(1.401 



t 

< 

Although J «aa originally devaloped far BOB il»««r eUatlc 

•startat«, the coacapt hea been aataodad Co alaatIc-plaatIc aatarlela 

ead daaoniirated to ba »alld whera deformation theory of plaatlclty la 

»•114 (lie«, IM«»). Dow ling and beg ley |HM| point out that la tha 

eeergy oaf I nit Ion of J (aquation 1.40) for alaat Ic -pleat lc aatarlala 

the quantity U la no loafer tha potaatlal anergy hut rather tha 

alaatlc-plaatlc «ork aeceaaery to deflact tha »pad »an. Thua, J can 

aot ha intarpreted aa tha potanttal aaargy available for crack 

eitaaaloa. hm»tr, J area have phyalcal significance beceuee It la a 

aaaaura of tha charactarlatlc crack tip atraaa field (legloy aed 

Landaa, 19/2) aad la thua usable •• a geoetetry-Independent acetic 

fracture   toughneaa   criteria«. 

••fore rooalder.ng the aapartaental aeaeurea*at of J, tha 

relatloaahlp between J end tha previously dlacuaaed fracture criteria 

«Ill   he   preeented     Pro«  equation«   (1.40)   aad   (l.M) 

I   - •  *  V  -  K2(»~^> (1.41) 

aquation«   atrlctly  apply   oely   uaator   LaVM  coaattloae  aad     at 

the  crlttcal   value  of  each   para«tar   at   the  oaeet   of  crack  eatanalon. 

The ••parlaantal deteralnatloo of J la ha aad aot •• the 11a* 

latagral deft alt toe hut oo the eaergy rata deflaltton. Clarke et el. 

(Iff) have developed a procedure for determining ductile fractur« 

taaujhoeaa ueleg the J Integral Thalr procedure t« baaed on en 

Mlfili by tie«. Peril aad Werkle (lt»J) which ah «wad that J ceo he 

eatleatad       for       •       deeply       crocked       bend       apaclaan       fro« tha 

load  dtaplacaetaat   record   by 



'    -    JA (I.*2) 

< 

where A la tlM area gfjjar eh« load v«reue load point dlaplacaaeat 

c«r*t and b la th« jscrtcUd ltgaaant length (t la th« thtckneee) 

Clark« and Land«* <!•?») ha»« eatended thla formula to lac lode coaaact 

t«naloo i»*f latni, aad thla technique will ha covered la datall la 

Chapter 2. however, tha reeulc la a plot of eapertawntal point a for J 

«gal net crack «ateneton A« «a ehovn la fig. 1.12. Jjf (s dateraload 

fro«   th«   Intersection   of   th«   haat   fit   llaa   «ad   th«  crack   blunting   11M 

given  by    J"2a
rt».     Thm  atop«    of   tow    J-Aa  UM la a    MM  of   th« 

raaletant*  of     th«  aaterlel     to  continued     crack eateneloa.     Tha   alop« 

dJ/da haa b*«i uaed to forajulat« tha tearing aodulua T daflaad by 

»aria  at   al.   (1*77)  «a 

T  - I       dJ (l.AJ) 

A   »urge  of     rvcent   work   haa     atteajpted  to  character lie     different 

oaterlala   ualng   J aad  T;     a aajor   co«c«rn   therefore   la  wfcethar   or     not 

Jlc mm* T ara la fact aaterlel paraaatere. Oo« approach haa baan to 

aaaaure Jjc M W|t ap*cla»oa for coaparleon with «I. aa *«ter«ln«d 

oa thicker eaaclaaae ualng ««uatloe (l.Al). Lagedoa <l*7a) did thla 

fo four rotor forging ataala aad «a» caat at««l aad obtained good 

agreeaawt• Another approach la to vary apaclaan gaoaotry. e.g. crack 

length   a,     reaalnlng   llgaaeat   b,      thlckaaaa   i.   aad   to  daterain«   If   J. 

aad T la fact raaatn tadapaoaaat of thaae varlatlona. Oudaa, Joyce aad 

•»eta (197«) did thla uetag lt-110 ataal• Thay foaad that Ju m9m 

ladapendeot   of  epeclaen  gaaaatry  hat   that   T  lacreaead with a/V    iwher» 

1A 



( 

V la tptrlatn width). Tfcay f«lt that the tearing aodulua Is MHIKIM 

to crack tunnel Hag, «kick CAM be «tcrttMd ky face grooving tk« 

»•«rlato. Drue* (1MI) ptr'orwd elallar IMCI <XI C-«B at eel «ad fouad 

tkat tk« Initiation «f ductile cracking aed tk« aloe« of tk« J 

realatance curve «rt gaoae try dependent lowm, k« f«lt tkat If tk« 

rtaaUl«! Ugaaent k aaal tka epeclaen thlckneaa t war« larea eaough (k 

> kOJ/o, -a- | > «oj/oy) th#n a „t.ri.i charactarlstaf, value of 

tk«aa  aareaetera  could  ke  obtained. 

Deapita eoae alaed reeulte «a tkolr validity aa aaterlal 

pa'taetira. J Ic aaMj to a leeeer aataat T have «aload wideapread 

acceptance for tka character tratloo of ductile fractur« for 

elacttc-elaetlc aaterlal*. Slec* J «aa developed laittally for 

aaa-llaaar alaatlc eoadttloae and tkan extended uelng tka deforaettoa 

theory of elaettclty «kick do«« not allow for tmy unloading. J ahould 

aaly ka «aaal for crack Initiation and ««all aaounte of crack 

*»t«na Ion. Tk« aeeuapt I gaj in tk« derivation of J have kaaa eukjected 

to conalderabl* akua« ky eoae tnveetlgatora who uae J to ekaractarlt« 

«alt« larg» aaounta of crack «at anal on (Akou-Say«d at al., 1M1). 

war, their lnveat lgattoaa ara partially aafaaalkla oa tk« ground a 

tkat tk«a« eaalrlcal raaulta corralata wall with anticipated 

behaviour. 

Haay   othar     quanttrlee   kaaa     kaaa  propoeed     aa   fractur»     criteria 

each  aa   atrata  eaargy  denetty   (Cerkertch       1***),     «tretch   tea«     width 

tobayaahi   «t   al..     1*7«)  «ad work  to  fracture     (Ituwa,     1M0).     Since 

•any  af   tka  «ceaoaed  at •dele aaak   to  deteralne critical   aareaattera m 
tfcalt   tataractlaa with aaec • flc  oleroetructural   faaturaa,   e.g.     eetoad 

eheee   pertIclea,   grain all«, aalaa, allp dial rlkutlon ate.,     tka aaat 

«act tee     «ill     eddreea aaaa •alar 

m 

effect« ef   al croot rueture   aa tka 



fractura procaa«. 

1.4 Hlcroatructural Efface* «a "racture Nachaalca 

I 

At praaant ao ifittaitl. ganarally accaptad aathod aal at« for 

aataralniog th« affact of aleroatruetur« on crack propagation aa. 

fractura, du« aalnly to tba graat «artaty of airroatructura« la 

aatalllc aatariala. TWu, It la aot alway« poaalbla to aaacrlh« tha 

alrroitructutt accurately, aowwvvr, a gr««t nuakir of aaptrlcal 

raaulta ha«« aaan foraulatvd coacaratag th« affact of aleroatructur« 

aa crack propagation proa«rtt«a Schwalb« (If 7) provide« aa »ictUmi 

«urwey of aoe» of thaae raaulta. hafore coaalaarlag taa affacta of 

particular aicroatructural faaturaa, coaajon crack propagation 

aarhanlaaa   will   ba   aaaatnad 

1.4.1     Crack   Propagation  Hachaniaaja 

Aa a aeana of reviewing raaulta on ale roat ructural affarta. 

Schwalbe (1477) Introduced th« coaaaonl* encountered aicroatructuraa of 

polycryatalllne aatalllc aatariala, ahown la figure 1.13. The ft«« 

aa tor typ«« of aicroatruetur« ar« (a) alagl« phaae, polycryatalllaa 

aatalllc aatarlal; (k) two phaa« aatarlal, $ ta a; (c) tw« 

aatarlal, | ta a »1th epproslaately aa.ua 1 voluew coat ant . (4) 

pha«« aartlrlaa along tha grain bound«rla« of th« ftrat afcaaa, «ad (a) 

cant la«loua oatwork of tha eacoad ahaee along th« grata howaeterlea af 

th« ftrat ahaa« Far th««« typ*« of aicroatruetur«, Schwalbe llet«d 

Can   pot«at la 1   crack   propagation  aeehenlaae.   ahown   ta   flgwr«   1.14  aa: 

a)   cleavage   crack   propagation 

2» 



< 

b) dimple   fracture  dm*  to  coare«   particle* 

c) dimple   fracture  dm*   to   fin*   particle* 

d) dimple   fracture   du*   to   .oar»«   and   Ma*   partlcIan 

•)   lntergraaular       crack       propagation       daw       to       (rain     boundary 

precipitate« 

f) latergranular     crack     propagation     du*     to    a    hard     phaee  grain 

boundary   fila 

g) tatargranular     crack     propagation    du*     to    a     aoft     anas«  grain 

boundary    file 

h)   crack   propagation   by   illp  plane/«Up   plan*   Interaction 

1)   crack   propagation   toy   *Up   plan*/grain   boundary   Interaction 

j)  crack   propagation  aolely   by  plaetlc   blunting 

a relatively large numb•r of potential mechanleme highlight* 

the problem of madellln*, crack propagation aloe* each mechanise may In 

tarn depend on a different local parameter for operation »leo, th* 

model la further complicated by metal« In mhlch crack* propagate dm* 

to aeveral of th* above mechanleme la competition, tempite th* 

difficult lea aom* general comment« can be mad* Lorn temperature, high 

deforriatIon rate and a trlasle) atreaa atate can caue* lorn amd medium 

etrength steel« to fracture by th* low emergy cleavage aechanlem 

(figure 1.14(a)). t cleavage crack la conatdered to lotttat* at 

die location pile-up« (Tetelman and McEvlly. It*?) when eavaral 

dlalocatlona at the head of the pile-up coeleerv Tnl* deavagv crack 

then propagate* due to the atreaa concentration at the pile-up 

am*never the tanalle atreaa on a plan* normal to the allp plan* 

roach«« the Ideal fracture «tree« (momayemmme, ltmt.mg.410). Thus eh* 

•st*nt   of   dislocation  movement   prior     to  propagation  of   the  crack 



I 

ha  fairly  aaell.  thl»  aachenlsa  repreeeata  ch«  loweet  fracture 

• • 

t 

( 

1.4.2     «fact   of   »art Idea 

Nachanlaee (a), (c) aad (a) la flgur« 1.1* Uluatrata decilia 

crack propagation due to ruptur« around aacoad pheac partIrla« TW 

large aacond ptoaee aartlclaa la fa) aad (d), ueuelly called 

laclualoee, ara caweod ay laperltlee- 9ax.li laclualoee do not 

contrlkut»     algalflcaacly     to     the     Material   *     strength TW        flaa 

aartlclaa la aachenisaa (c) aad (d) can ke althar larg« precipitate« 

or dlaperaolde- TW raaultant dlajpla foraation eechaalaa around auch 

aacoad pheee aartlclaa la llluetrated acWaatlcally In flgur« I.IS. 4a 

tW coejeoaent la loadad, tW crack tip blunt* Larg« plaatlc atralaa 

at tW tip eeuee aacoad pheee aartlclaa altWr to crack or to eecoWre 

at tkt partlcla-aaurlB latarfaca, depending upon tW atraagch, alsa, 

aad eWae of tW aartlclaa aad tW latarfaca atraogth. TW «old« thua 

foraad eWn grow wet 11 tWy coalaaca altWr with each otWr or with 

i-» crack tip. If aach particle la tW crack plaaa altWr cracka or 

wo Ida. tW« tW dleple alsa weald correspond to tW part lc la apeclag 

Sroek (lt7S), after aaaalalag tW fractura awrfacea aad ajrroet ruct ur» 

of 13 alualntua alloys. found tWt duett I« naptura waa taltlatad at 

aaall laclaaloaa aad tWt tW average dlapla apaclag waa aa.ua 1 to tW 

average laclwelee dlatanca. «a concluded tWt wold Initiation la 

fal lowed taaedlataly fey apontaeeoua growth aad eeeleacenca- TWrafora 

aald initiation la tkt critical event la tactile fractura. «1 

ceecleetoa lapltea tWt nor« part tc lea will ylatd aara wsld awcleetioe 

altee  aad   tWa   redwea   tnwghaass       Tale   redact lea   la   fracture 



I 

with   laclwaloa     content   (ahown     in   figure     l.la)   U     alao  mynn<  by 

(itntr   invoat Igator«        Mahn   and   lo«*nfl*ld   (1*7))   found   that   tJf   Mrl(< 

wich  f. . i /• 
«*•»*•   (c   la   th*   volume   fraction  of   crock*«   aorticloa.   Tfcty 

•auarloo   for   Ijc   M 

t&f <l.' 

aatrt 0 la th* aorticlc dltatter THle oiproaalon la ha**d on prevlowe 

work by He« «ad iohna<>n (1970), whoa« proposed wod* 1 for hol* gr» 

at a hlunrlag crack tip aaauaate that crack growth occur* b» 

cM.ctctnct of the «old with th* crack tip. Lator, Van a* laat**l* and 

Brook (1*7 7) Investigated th* failure of largo aocood phaaa particle« 

la     707S-T*Vi     aluwlnlua     alloy.     ualng     thl*     ejodel however        thoy 

aw«««ou*ntly aodlflod It aocauae thoy fowad that th* llgaewnt hatwoon 

large partlcl*e failed hy th* Initiation and growth of «old« at auch 

«•aller particle« Thu« thoy oho«read th* ductile fracture aechanin» 

la   figure   1.14(g)  aad  obt-laed 

llc  •  f 
_!'«• (1.45) 

Van a* Kaateel* and Brook eventually concluded that hath «pacing 

and voluaw fraction of largo particle« are laaortant to towghnoaa aad 

that th* failure of partlclea la dictated hy th* aaxlaua principal 

•treoe. 

•aforrlag again to figure 1.14(h). (c) aad (d). Schwalb* (1*77) 

eaaapored th*** thr** propagation aochanlaao according to th* «la* of 

gart Ida* act lew la dlaple foraatloa aad) ralattw* t« 

follow* aochaaloo (b) — large partlcla* act 1 we, law 

•achan lea  (c)   —  aajall   part lc la«  act few,   high   toughn*»«     aochanlea  (a) 



that 

—    both     crpa«     af     aartlelaa    actlwa,     «wan   Uwt   tmigbaaaa  thaa  for 

«etiMlu   (b)   alaca     tha   Mall   aartlelaa     raduc«   tha  «act 1 lie«     af 

U|i*inM   »wtwawn   tha   larga   aartlc-laa. 

Although tha aa)orlty of aaparlaamtal «vlaanca «hon» 

towghaaaa aacraaaaa wich lacraaaa 1« walua* fraction af aartlelaa, 

O«awooa>. Haar« and THoaaa (HH) achtawa* an lacraaaa ta toagfcaaoa by 

•doing aartlelaa to aa 41-*hj-St allay. Oaa aaaalbla axplaaatloa far 

tala lacraaaa Is cha affact of aaall lacoataraat aartlelaa oa alia 

«tatrlbatlaa. 

1.4.1     «fact   of   Slip   Matrlbatloa 

Nornbogan and Zum Gahr (197)) osaau r»«d tha dlatrtbuttoa it 

alaatlc atrala la alloya containing aaall aartlelaa. Thalr aaaal of a 

gl»«n laount of alaatlr atrala which ran ha dlatrlbutwd «lthar 

hoanganaoualv or hataroganaoual* within a cryatal «oluaat la ahown la 

flgara 1.17. fig. 1.17(a) aaflaaa tha aacroacoalc abwar atrala a, aaafl 

flga. 1.17(b), (c) aaal (4) Ulaatrata tbraa way« la «dich dlff«r«nt 

alia dlatrtbwttona can aravtaa a- »lga 1-17(b) aaal (c) amplet tha 

«atraaja «aaaaalaa of hatarogaaaoua aad heaagaaaoua alia dlatrtbwttoaa. 

raapactIwal*. la fig. 1.17(g) tha ahaar atrala la prowtaag by 

localitad alia la a ban* af «lath I with tha alia hang aaaclag balng 

A. Tbla 41 atrlbutton carraaaoaga to a att< attaa tntaraadlata batwaaa 

ftgar««   1.17(b)  aaal   (c)   la   tmrm»  of   alia   hatarogwnwl r r 

•arnbogan aaal &aa Gahr (1*7)) Itat aavwral atcra-atractaral 

faataraa that ara «aaactad ta affact atrala «tatrlbuttaa. Caaraa alia 

la  favouraa  by 

1   law   atachlag   faalt   aaargy 



2 ahaarad   »raclaltat«   partlcW 

3 abort    rang*   oritr 

•   radiation   laaaga   ana   Solaa 

)   fa«  all*   ayataaa   aaaratlag 

a aaiarary  dlalocationa 

7   larg«  grain  Hit 

Flaw  alls   la   favour*«!   tr» 

< 

( 

1 high  at«* king   fault   aaargy 

2 ay-aaaaad   aartlclaa 

)   41alocation   foreot 

a  41 a location   cllaa 

)  aanj»   «lip  ayataaa  aaaratlag 

*   aaaU   grain   alia 

Martin and Edwarda (1M0) dlacuaaad alia dlatrlhut ton la aartlcla 

hardanad alloya. Aha*« a certain critical aartlcla dlaaatar dc 

dlalocatloa-aart Ida Intaracttona will for« Oroaan loop*. Oa fwrthar 

• training 41alocat!.Mi dahrt* accwaatlataa around the aartlcla, taw alia 

plmw» work hardana, aad othar alia alaaa* haco— actlv«, tlaaa raualng 

awr*   haaaatnaoui   alia,   whan   tha   aw rag«   aartlcla  dlaaatar   la   iaae   thaa 

4
e t». aartlcla« ara ahaarad. Tha ftrat dlalocatloa catting auch a 

aartlcla eauaaa It ta ahaar ay aa aaount aaual to tha aurgara »actor 

aa that ta« affactlaa eroaa-aactlaa of tha aartlcla la raducad. 

taaaannawf dlalocatIona from tha aaaw aourc* will aacoaatar aa 

affacttaaly aaftar aartlcla, afclch la again ahaarad; tha alia alan* la 

thue arogr••*t**Iy aoftanad. 911a dlatrlhatlaa ia thla tyaa of cryatal 

ta  aa  nataraaaaaaaa  aacaaaa     thara   la   laaa   taadaacy  ta    act 1«at* 



( 

lit Ion«1   altp RUMI. 

TU«   ahaar ylal«   Hr*M,      tff      9t     .   crr(Ul        ontalnlna,   •   «alua» 

fraction     f     of particle«    of    «laamar    4    «fetch    ara  ahaaraa  toy  tha 

«ialocatlcaa   at ytal«   la   uaually  (Ivan   (Hart la.      1M0)   by   aa     aquation 

of   tho   for« 

. Igin+n 

«har« C la a eoaataat «hoaa valoa *ap«n«a <apne tha Hardening aachantaa 

being ronetdared. If a dlalocatlona of warfare «actor b abaar a glvan 

•artlet«, aaauatng for elaaltclty that tha partlclaa ara «haare«' 

acroaa  a dlaawter,   than  tha  atraaa  for   further   ahaar   bacoaaa 

-Cf»"a»/'<<l-ah/a)"' 

(i.*n 

Tha tenderer to produce heteroaaaeoua altp «111 ha ante 

pronounced tha «are | aacreaeee by tha paaaage af on* dlalocattoo. 

l.a 

< 

4t  -  -*Cf i a (i.a> 

«a H"'<l-aa7a)'" 

Thla aapraaalon Indicate» that tha tendency for coaraa altp la «ara 

araaaaaced tha higher tha »ml «aw fraction of partlclaa, tha higher tha 

•ale* af  C aaa  tha  aaallar  tha dtaaa>ter  of   tha partlclaa. 

taaaral «ara ta obtain a aara haaaajeaaoua allp distribution 

aa tha afcawa raaatta ara feasible Owereaetng aa aaa hardenable alloy 

caweee tha praclpltata partlclaa ta hacoaa largo aa« lacoharaat. Whan 

a htgfhly T>«araaa« eawctawa with a polt aha« aarfaca ta aaforaa«. tha 

rfaea  thaa    caatalaa a    large  awahjar    af  aaall    alia atapa    that  ara 

- 

H 
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>gaaaoualy dtatrthat«*. A dlaad»ent age of thl« «etV>d of «lip 

ml tat Ion t« tha orreanoadlng «Kritu 1* ylald «trangth 

«aeoclated with >»eragelng A preferable aathod of alia hoa»genl«atton 

jee« a duple* agalag Saat traataarnt to for« a btaodal precipitate 

distribution on*latin« of a finely dl «parsed coherent phase plua a 

distribution of Incoherent pert Idea- Tha finely dispersed coherent 

phase provides a high vield «traaa while the Incoherent particle* 

»oaogenice tha alia distribution. Although thl« «upla« ageing heat 

trtitwm technique la not widely ueed, It doe« «uggeat fat «aothar 

aathod »hioh la widely encountered la industrial ege-hardenable 

alloya,   that   of   dlaparaold   addition. 

Thar«  mr»     three   typee     of   partlcla«     praaant   In     «gad   -oaaerclal 

haat -t reatahle   alualalua   alloys 

i   Pia»  coherent   or  aaail-coherent   precipitate   particle«     which 

•re   tha   source   of   «trengthanlng 

2  Cearae  particle«   (D>lua)     called   tnclueloa«   that     originate 

during  casting  and  are   linked   to  tha   Iron   laeurlty     content 

«f   tha  alloy. 

1  Pine     incoherent     particle«     (0-O.luai)     called     dlspersolds 

which  are   latarajatalllc   phaaea   erlstng   fro«  tha  addition  of 

trenal:to«  e tenant« 

IM «per «old« are eaatrlcally added to thaaa coeaerelal alealaiue) 

alloy« to Inhibit grata growth during haat treatment. Dowl.ng aadJ 

Nartta (1*71) ahewsd that theee dlepereotde proejote tha ho—garni «at Ion 

a*  all». 

Lwt)arlng (197») did eatenelve wort an tha «Up dtatrlhwtlaa ana 

eacheatcal   propertie«  of  enteilte   aaterlale.    la ganaral,   ha  fownd   that 



-    • 

tha aachaalcal proper it«« of aatarlala »4th lnhoa»g«n*oua «lip «r« 

rubetanttally Inferior to thoa« of corraapondlng Ml«rial« with • 

>M«c|tn*oui «lip distribution. la coo«Id«ring th« atrhinliat of crack 

aaclaatlon «aal propagation aa a fuactlon of «lip dlat r 1 but ion. 

Lutjarlng abttrvrd that la a «at »rial with a hoa»faaaoua «Up 

41atrlhut loo tha fractura aachanlaa la aet armload by tha praaanc« and 

dlatrthutloa of hard lacoharaat parttclaa- Ho«n«t . aha a «Up la 

lahoanganaoualy «atributad, crack awclaatloa la «ataraUaad by tha 

rtactlon of «>ip hand« with tha l&9t placa •mrtmem, with othar «lip 

band«, and witn tha grain bound« rl «a. Papa ad lag] aa tha degrvr of 

trthoajoganatty of tha «lip distribution, cracka way propagat« through 

tha  aatrla,   »long  tha  grain  kowadarlaa,   or  aloag  tha  ollp  haada 

following thlo ravlaa of allp dlatrthwtloa, aaetSar factor which 

affacta   fractwra aachanlaaa  will   ha  coaatdarad   —   tha  grain  alsa. 

1.*.*    1'fact  of Crala llaa 

A aa)or problaa In aaaarlewatally aaae-atng tha affact of grata 

alaa oa fractwra la that It la »ary difficult to vary grata ataa 

without aff«ctlng othar potentially «lgntflcant paraaaV.ara aach aa 

yiald «tr«ngth, width or total aaanwt of grata haaadary praclpltate 

fraa aaaaa, aaaount of grata bawadary practpttata, aad aa aa- It aaaaa 

prahahl* that tha grata ataa waald affact all tha latargraawlar crack 

propagation awchanlaaa «now« la flgwr« 1.14 (l.a. (a), (f), (f) aad 

It)). aarahagaM (1«7S) davwlopad a eodal far tha grata ataa aapawdaaea 

af fractwra towghnwea of practpttata hardawad alloye far taataacaa 

afcara plaattc dafaraattaa to caaflaad ta aaalt plaaar partlaaa (aach 

aa  tha    practpttata  fraa    aaaa at    plaaar  altp    bawd«)      ay  aaaaa« aa, a 



local critical «train for crack propagation,  gornbogan arrlvad at t»t 

ralatloa 

*lc 
.\U (!.*») 

' 

atora a !• a conatant anal a la tto grain alsa. Tlila reciprocal aauara 

root relationship aaa found to to reaaoaakly aal I otoarred for a 

precipitation  hardarod   7075 alualnlua  alloy. 

Slaca  duccllltr  aaaaurod   la a  taaalla   taat   and   fracture   tough«*«« 

oftan ehoo  tha   «ao»   traoda,   and   tine»   taoalla  doctiltty   eihiktta  a   l/d 

4*#****BC*' KIc «aould lacraaa« with dacraaalag grain atca (Sctottlto, 

1»77>.     Tnoojpaoo  aod  21nkh*a   (197))   found   thla   affact   oa   plan*     atraaa 

fracture   tough«**««  data  oa  ovaragad   7000  aorta*   aluailnluai alloy«     with 

varloua    grain    alsaa     {»mm    figure   1.18).     far   Iatergranular  fractur* 

along  a    precipitate   fraa    ion*   (rY2),     tha    grain  atca    affact   can  to 

expletnad   ay   tto     lacraaa*   In  volua»     fraction  of   PTZ    uith  dacroaatag 

grain  alia,     thu«  aaereaalng  tna  average   local   atratn   In  tto    ttl       la 

to  caa«  of     *ltp   plan*  dacotoalon     (ftgur*   1.14(h)),     tto  grain     ala* 

caatrola   tto  nanator  of   dlalocatlona  on  tto  «Up  plan«,     tor*  a aaaller 

grain  alta  aaaaa  a   taaa   aairara   «lip   plan*/allp  plan*   Interaction 

Although    ottor     otrroatrurtural     feature«     can    affact     fractura 

aachaalaa»,       aa      at 11       no«»       forua       oa      tto     region    atore 

aderoatruetural   faataraa  ara   tapertant   -   tto  crack   tip plaatlr   aoae- 

1,5    Crack Tin Flaatlc 

Caaelderahle raaaarch ha« toan dlractad at eat»raining tto alt« 

aod «hap* af tto crack tip plastic tana- Nach at* tto lateraat la thla 

crack     tip    region    too    toan    daw    ta    lta    perceived     laaarteore     la 

I) 



orralailo* alcroar'uctural faaturaa to aocroocootc frtctur« te 

paraaotvra. Thle rag 1 on haa »»COM CM focua of «Jcroitruciiinl aaaala 

«kick aaak to MflM critical local fraetwra crttarla, much am »trmn» 

or «train, la t»n»s of tkjo ooarail fractur« proem»». lafora 

cooalaorlag «xoorlaaatal aathoaa af oataralning tka crack tip alaatlc 

too* alia anal ah« a«, laatortant upacti of atraaa aaa) atrala variation 

within   tho   alaatlc   ton*   war. «at   a   ratrlaa. 

1.5.1     Straaaaa   la  tho   Plaatlc 

Far tka thaoratlral crack tin atraaa flold oaoar IBrM 

aaawaat Ioaa, araaantaa* la Sact loo 1.2.1, tho r" ' " aaaana'ooca of aaar 

MB atroaaa» pro«I eta laflalta atraaaaa at r-0. la oagtuaarlag 

aatarlala. heamr, thaaa atraaaaa oo aot kacoaja laflalta kacauaa 

plaatlcttr  caoaaa  atraaa   root atrlfc it loo. 

•aya (l*H) aaacrtkaat tka tkra« «laaaalosial atroaa arat a* for tka 

caaa of mm aalga-aatckaa', aaal-taf lalto plat» of flalt« thtckaaaa 

aahfactad to Maaa I loading 11a araaaatatlo« waa kaaad oa tkraa 

ilaaaaloMl   ahatoalaatIc   aayortaaata  ky  Maaa   (If**).     Tha     aarlattaaa 

ia  o. •ii   (i la  flgara   I.I*)  fallow: 

*yy-Tha atraaa aarallal to tka aaaltod loading (fig. l.l*a) la a 

•aalajM «light 1» ahoad a/ tko aatck root. dtalnlahlng rapidly «at 11 It 

la aajwal ta tko aggltad atraaa roaata fraaj tka aoCck. Tkle atraaa la 

largar a« tha ad dp Ian« of tho plat« than at tka «arfaca and la Halt«* 

at   tka   aatck   raat   ky   ylaldtag  of   tha  aatartal 

'«3 Tho atraaa parpaadlcalar ta mmi la tha plaaa af tha natch 

(flgara   l.lfh)   la  tore    at   tha aatck  raat     hat   Imcrmmam»   rapidly   ta    a 

OBtl. »r  a. It   tha« aacraaaoa   rapidly,     hacaaitag    aparoalaataly 



1/5  9YJ at   large  dlateocea     fro« the  notch   root.     Thla  MM     la  alao 

largeat   oa   the  aidplane- 

'nth.   atraaa   la   the   thlckaaaa  «traction   (Maura   l.lt*   eee  4)   la 

tare at the plata eurfacea but lecreaaea rapidly toward tha oldplana. 

«*trt It la a^ual to >'(«M*Ovv) tB th*c* plata hot laaa la thin plata 

(«tin   v  la  Polaaou'a   ratio). 

Th«  octahedral   «haar   atroaa   la  glean  by 

<oc«   -   lj%^?  •%-^«>I  •«•u-*»'1       <1&°> 

1 

( 

Thia  octahedral   «haar   atraaa   la     highest   at   tha   plata  oarfacaa     aod  at 

tha   laaMdtata   notch   root   ufcera  althor     «,„   or  o(|    (or  both)  ara     aero. 

Thla    eeggeat*     that     fractura    aorhanlaoa    coatroUoa"    by    a critical 

aaalaua  ahoar   atraaa  will   occur   flrat   at   thoaa   location«. 

Tha  aeaa  atraaa   la  given  by 

jjO^j^Oj) (l.»D 

•here  of,   a.  mmi «    ara  principal   atroaaoa- 

Taking tha «,», mmi s •*•• oa the principal dlrectlooa. It can bo 

aoon trim ft for a 1.1* that <»„„. «^ aod a,, «11 haar tholr aailoa at 

tha at dp Ian« mmi that tho oiiltw vm wi\\ occur at ooao aaaill 

«latenca ahead of tha notch on tha «laplaaa lor« (1*72) «ageeeta that 

(ractur« aochanlaoa which ara controlled by a aaiteue oenaal tana 11* 

atroaa  «til   occur  at   a critical   eelaao»  dilatation  given  by 

(l.M) *"e a   l-l»<oaa+ay]r+oat) 

I 

17 
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Thum la « region at en* mimplmmm a ahort dlataaca freai tha notch 

root tha rolua» dilatation la a M<I«M and tha octahadral ahaar 

atraaa a ai nlaaj«. toyd call» thta ragton a oacohaaloo anclava «fear« 

fractura «achanlaa» that favour a critical norajal atraaa will oawrata. 

<h»a sight thua aaoact dlffaraacaa la crack Initiation atraaa and 

poaltlon   for   dlffarant   crack   aatanalon   «rhiniiai 

Tkila aapnaal« oo atraaa a tat a raaaahlaa that of Nackaml«, 

aaaacoek aad grown (1977) who lavaat igatad tha affacf of atraaa atata 

•a tha affactlva alaatlc «train aacaaaary to laltlata owctlla 

fractura   la  high   atrangth   ataala-   Thny   uand   a  nooa> 1 mmnalooal   paraawcar 

a«/T for  atraaa   crtaalallty,     where     m la  da f load  by    aquation   (1.51) 

and   V,   tha  effect I»a   atraaa,   la  daft and   my 

• - ^vf«,-«,)' • <*I-V
I • (0i"Va (1 S3) 

Uatng raaulta fro« irldgawn (1952) for atraaa and atrala atataa 

la nackad tan,ill» epaclacna, «nrkenile at al • 4ater«lnad tha fat lara 

Initiation atrala «a» a function of atraaa triaalaltty for thalr 

«aterlala- «a«! tha* uawd an analyala by tlca and Johaaon (1970) for 

tha atraaa and atrala dlatrlbutton* la tha ragIan of a blunting crack 

tla, thay could than lafar that thara la a critical «atari .1 alaa 

aaraaatar or charactarlatlr length over which a critical atrala «wot 

act for fractura laltlatla«. Although a graat «any asauaa>tlo«a mum 

aaaroilaatIon« vitiate thta analyala, tha raault la particularly 

at tract lea fro« tha via« of explaining duct 11« fractura tougjha« aa 

valuaa 1« terwn of a «icroatructurally date rat rved critical langtn at 

tha crack tla. litchta, «ervar ana* Vullaert (1979) aateadad tha 

ilta  «f  Wachen«le  at   al.     (1977)     to  apply   thaai  to   tha     upper   «Salf 



I 
(owe*«*«« of two MKlur praaaur« «oaaal ataola. Iltehla «t «1. also 

aootet owe til« froctor« as balng »train todurad owo to crack growth hw 

linking of «oida ohon «oo* critical atrala la ov-ooood ahaod of tho 

crack tip. Mowovar, ml« critical atrala ouat ha oocaoood owor a 

•Inlau« voiuao which la characteristic of tho acala of phyatcat oooota 

in»ol»«d In tha aatarlal. Thi« thoy coll tha atraaa anOHflod atro.'o 

aodal whora lQ* la tho *lcroatr«jctur«l ly algolftcoot chor« rarlatlr 

diatooca. tttlla pointing owt that l^ i« M ow+lrlcal «uonttty. 

praauaoaly related to adcrosr ructural aeeecta of fractur« Initiation, 

lltchla at «1. nevertheleaa rotor' tlio characteriat 1c <fiatanc# tor 

ewct.la froctura ao raflacttng tho aperlng hatween aorticlee 

awcleattng M|or »old« ao wall ao tho critical oaahor of «old« which 

cooloaca  with   tha  aoln  crock   at   tho   Initiation  of   erock  growth. 

1.5.2     Strain«   la  tho   fleetic 

Thar« have hooo varlowa attaajat« to dor I «a tho aonnor to arttlck 

•train «orloo with diatooca r ohood of to» crock tip. Tho Utnt 

analysts for dtaplaceaatnta 1» froot of Che erock gives aoolagoa» 

roowlta to tho «traaaa« dlaruaaed in Sect toe 1.2.1 la that tho at rain 

ia tho y-dir«ction tf im proportional to r"1'** •»**»*•••»• d*w*> 

developed a rolatlooohip hocwoon tho plastic atrala c tho diatooca r 

eod   tho  work  hardening  0090000t   * 00 

1 (l.H) 

all 

wor,  tleo aod to a a og ran  (IMS) •lightly different 



S« -i- (155) 

H*\ 

both  of  thee*  for««  reduce  to  the LC7M reeult •  equal« 

•ley. 

P«rh«p« • nrr realistic analyal« *«• —ii> by lie« «ad .lsho«os 

(1*70) tn their widely referenced work on th« atraaa sad deformation 

rteld« ixtr a crack tip mo« r go la« large goo—try elwaai In 

• U«Ctc-»lasttc aatarlal« They applied «Up liaa field theory to a 

prograaaleel* blunting crack tip ualng a autsarlcal aajalyala to obtain 

a plot of th« true «train dt«trtbutIon as a function of (I/4t) «j.,.. t 

rapraaant« th« distance of a Material print la front of the »rack tip 

hafore deformation, and «t gj th. craek tlB owenloa dleplaceejent for 

heth «sail ecaU- yielding end fully plaatlc condition« (aee fig. 

1.21). Although Klca and Johnson do no: offer the equation for the«* 

curve«. Schwelte (lt?7) «täte« Chat thl« «train distribution can he 

eeeroaleated  by 

«T  -  0.**   «t   -0.23 

I 

(1.5a) 

ttee oad l«baai« «a« Chi« derive* plaetlr «train distribution to 

develop a aooe 1 far fracture by «acttie «old growth at a crack tip 

whore l0 1» the distance over which «owe critical fraetar« «train 

•oat bo achieved They suggest r* it «o eight he identified vlth a 

grain also or a ooon aooctag of large aocaod pataa« tacloeloae 

if hie   for   ductile   fracture 

frtacs   {!•;»)     studied  crack     preeegotton   la     Al-»kg  SI   alloy«   and 



I 

fouad '.iMt thay t *t ltd la a predominantly lacergranular «HMt a loo« 

the grain hxwairf m. Prince aad Martin (!«'•) preeented a «xWI for 

thie lntergraaular crack propagation In teraa of the allp dietrlbutloo 

aad a critical local fracture atraln <lf ml th# grain boundary. A 

achaaaulr dlagraej of th« propoeed local plaetlc atraln and tha 

envroacoplr plaetlc atraln ahaad of tha crack la ehotm In figure 1.20. 

Tha aacroecoal: atraln, tha atraln aearagad oaar dletaax.s largar than 

tha allp hand eaaclag, la ahown to aacreaae linearly with dlataaca 

ahaad of tha crack. Tha actual rata of dacreeae will ha determined kr 

tha acraaa flald ehaad of tha crack mm» my tha aorfc hardening 

charactarlatlca of tha notarial- Tha local atraln c. j, »hown to 

fluctuate around tha aacroecoplc atraln cB ^ m mmcnint proportional 

to   tha   allp  hand   eeac'ng  and   tha  aacroecoplc   atraln  auch   that 

cl  -  kt«ahc. <l.»7) 

«hara k, la a coaatant. d la tha grain alaa aad a^ j, tnc Man planar 

aaaclag of dleparaotda, a enactng proportional to tha allp hand 

epeclng. If tha critical local fracture attain «lf ts coaatant. mm. 

(1.57) can ha «aad to ehow that aa a^ ls reduced my lncreaelng tha 

eoluaw fraction of dtaaareotde tha aacroecoalc acrala ca mtmt 

aaceeearlly tacraaae to attain tha critical local plaatlr atraln la 

•Char aorda, tha dleaareotde haaasgamlaa tha allp dlatrlhattaa ao that 

a  higher   atraln  auot   ha   applied   to  achieve   a  glean   local   atraln. 

aad« I a     that     aaak     to     relate     ateraatrwetara     ca     fracture 

»aa   rale     aa   tha     aaalyttcal   raaulta     fcr   atreeeea.     acralaa  mni 

iclc       taaa       dlaamaloaa       araeiaualy     dlacaaaad.        tharefore     auch 

•rlaantal   aorfc  haa   haon  doae     la attempts   Ca  eerlfy   tha    aaalyttcal 

• Ita 

«1 



1.5.J    Uyrtmul   Oatera!«atloo  of   PI—tic   Zaaa  Sis« 

It 1« dlffl-ult to coapere eaperlaente! dateralnatloaa of crack 

tip pleattr saaa alte ItctuM of the aid» rang» of technlquae uaed aad 

tlM «May eaperlaenial variable« Ineolred. A llat of reference« 

including technique aatertal mmi type «on» aeaeured (plane atraaa or 

plaae   atraia)   ta   gi»an   la   Tabl«   1.1. 

Many       technique«,        auch       «a       ittrto   1M|1O|, photoaleetroo 

eacroecopy, gride, brittle Lac«oar, ate., «Mat ha aaployad on a free 

eurface Although potentially uaeful «awn coaparlng plaetlc toaai la 

plan« atraaa condition«, thaee technlquae ara act applicable to alana 

atraln, aa araa of considerably aora Intaraat vlth regard to fracture 

crI tar la Furthat, th* fan tachnlquaa that arc ape 11 cable to plan» 

atraln  condition«   ara  uaualty   eeverely   Halted   la  aoaa  wav 

To  aaaaure   alaae   atraln   plaetlr   toeaa.      It   la   nacaaaary   to   taat   a 

aaaclaar      thick     enough     to    obtain     plaaa     atraia     coaatralnt     oa   the 

al«alaae     and     than     to     aactlon     the     apactaan     to     es>oae     the   plane 

perpendicular   te   the   crack,     lahn.   gaaglend  aad   «osenfleld   (1*7?)  wmmi 

i »r»   •   reagent   to  etch   the   plaetlc   aoaa   In   la«  carbon   ateel.     bat     thla 

technique la aaly applicable to thla type af aatertal 

iarryatallltatIon (Shojt, H7») «ad praclpltatlaa aa dielocattone 

(CLaval at al-, l»'S) ara %l«o Halted to a eaall range of eatertale 

rraaaataaloa electron a'rroacopy can ha aaad to aaaaure die location 

aaaalty at praclaa polnta araaad a crack tip. bat thla aathed la ear» 

tlaa coaaaalag aad raqjulraa deetruction af the apactaan. l-ray 

aacrabaaa   tachnlquaa   have   Halted   aaaalttelty   daa   to  a   eaearal   hand.-ad 

aaaattletty   aad     ara   aultable     aaly   for     aatertala   that     etraagly  work 
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rvarden   or   work   soft en 

Prince (1977) effectively need tltctroa chenne'llog pstttrw 

(KPa) deecrlbed by Stickler «ad Booker <l»71). . tecnalque «1M 

Mcctüfulh eaployed by other laveecIgatore Devldeo« «as Lyle. >97S; 

Daviden« and Uakford, lf7n; Laakford «ad Davidson, 1*7», Davtdso» at 

•1.. 197»). The theory of thy resulting KP ha« baaa given el so wears 

(Spencer, 1974). The ear nod «111 ha ooyarad la aors «atall la Chapter 

2. aaaever . briefly, the procedure involves rocking taa coll teated 

electro* baaa la the acaaolat electro« aleroseop* (SCM) about • palat 

(- lOua dlaaater) am the epecleen surface. The KP la a eat tern of 

Unas that results froa the Interaction of the colllaated baaa aad the 

eryetal atrueture- Since taa quality of the KP depends aa the 

perfection of the eryetal lattice, eeforaetlou caaaaa ayateaatte 

degradation In the resulting KP. The crack tip elastic «one sit* la 

deteralned ay eaaalnlng nnaa rous aaall voluav* of aatertal with the 

electron baaa- The at rain lr. each result las; KP can than he derived by 

coaaerleoe with KPa fraa a call brat lea aaaclaan. Saaa advantages of 

the   KP  aethod   af   plaettc   «on»   aeasureaent   mr9 

I laforaatloa coaas fraa a aaall Interaction ealaaa of aaterlal 

which depend« on the area af the electron baaa aa the spec In*r 

aarfaca aad the accelerating voltage This area can he kept 

aalte aaall. aa ahawn by Joy and saaaaaaf (1*72) who obtained a 

selected area of lua dlaaater 

7   The   epeciaen   Is   aat   destroyed        Therefore,      repeat      aeasureaants 

can   be  aad»   to   aerify   results 

1 Wnsitivit»   la  fairly  good  a lace  ralatlealy  aaall   etralaa     caaae 

dar er table   deterioration   at   the   KP.      la   theory.   KP   llee   widrhe 

'•d     ca    theee     fraa    taaalle    apartaen«    at 



I 

< 

•train» Stickler end looker (1*71) cocaine« • aped correletloe 

between line width and strata oeer the ton«« 0.01 to 0.20 

tenet 1« ttrmtn. 

* The net hod la «ffll.-ik!« to »lane atrala elastic tone 

aeasureeent« and con ea need en mv crystalline ooterlal that 

«111 give good aualtty channelling »aft »ma. o.g. «lchel. 

•iualntue,     coeeer,     lend,     silicon  one   Low  carbon  son  scalnleoa 

Thors srs also aooe lloitattona on the aethod The dislocation 

density In the endeforeed notarial around the slaattc »one enet be low 

enough for a good «wallt* WCP. further, the grain sice should be 

larger then the selected srss site so the eettrs EC» con be obtained 

free) a slngls grain- Finally, the notarial swat be recent 1 »e to 

electrooollshlng. Desalt« these restrictions, the KC» oothod of 

slaatlr «one oeasureoent hea aro»ed affect 1 so osjd hoe Boon shown 

(Davidson  et   si-,   l*7e)   to corralat*  well  with  other   techniques. 

The ermek tig gloat ir tone hea boon the focus of «och of the 

»receding discussion becewee It »roolses to sr «la« a aessursbl« link 

between eocreecoelc fracture eochanlca aoraootara and ogcrootnactwrsl 

endet«. With thla discussion ea background. the approach taken to 

relat«   the««  con  new  be  outlined. 
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Tiki«   1.1 

toe*   Esa*rt«j«nral    Pl««tle   ton« Sis«  nafereacee 

• •f»r»n« 9 
He««.ir»n»nt 

Technique 
State  if 
Stree« Natartal 

ftathal«   (1*77) «lcrohare«e«« P« 11*   etalnleaa 

»•thai.   4  Mlwii   (If73) •icroharan««« rt 14-1)  atalnlaa« 

•aatar   4  tout«   (It?*) ptwtant l«Ut*4 
tio«l«rtrofl 

«•leeloa 

Pa lOlt  «c««l 
10«) «taa>l 

ChM.nl   (It?/) oat teal 
lnt«rf«re«r« 

•• 2024-T) Al 
2024-Ta Ai 
707VT*  Al 

:iaval   at   «1.   (1*7)) •trhlnf Pa.   Pt IftSO   71« 

0avl4a«n   4   Lankfor« 
<i*7ft) 

•CP. 
rtflktt Ion 

*• ftOftl-T*  Al 
r>e-J*t 

»A   «talalaaa 

tovtAaan «t   «1.   (l*7ft) •CP r» law  carbon  ataal 

WIM  et   «1.   (1*72) •tchlnc Pa,   Pi. Pa-Hi 

DM   (1*7«) rtrrittjlIt«at ton Pe WA  «talalaaa 

tMl    4  M«.   (1*7*) (•11   «train Pa Al-A. nc« 
7075-TH Al 

70*©-TA  Al 
7034-T4  Al 

22l*-T«*l   Al 
?21*-Q*  Al 

4   Mat   (11 ») foil   •»''•In 

Uattere  (1*7*) 

U« ft  t«a  (I***) 

»ettt  at  al     (1*77) 

Pattlt   ft a»«»«""   <»•**> 

ft  P«lla«a   (1*74) 

0M 
«trroairawii, 

• II«    lt«M 

Atetartta« 

V   (Al) 

.   Afla  (Al) 

KW A-T1  41 

At*   (Al) 
ft«*   (Al) 

707S-T»  Al 

Pa-H»l 

ft* 



( 

Parcall   4 »NftM«  (1*74)    alrrohardaaat Pt COM*1" 

tiNM   4  ftatoloctck   (1*75)   alcrokaronaaa P« eoaawr 
Ca-l.l*l 
Car-«.2A1 
C.-4.U1 

Tsctwta •« «i   (iMO)                 m Po •11a   at aal 
racrvatallttatton •ild    ItHl 

tfllklaa   4  taith   (1*^0)                        TIM Pf AJ-1/2N« 

fokokorl   m   «1      (1*71)                        Mi. Pa low   -arkon   at aal 
• H»laa— 

l.i    Iki  Pr—at   Work 

Aa pra»l out aactloaa kaaw aal ata« out, a graat oaal of 

iMKtrtilnt» aal ata •• to tha aractaa Mnn«r In a%l>.h air root rwctara I 

«arlaklaa äffact aacroacoate fractura Mirmtiri. !• aartlcalar, tka 

crack tip alaattr arocaaaaa aarf tkalr rola ta aataralnlna, tnagkwnaa 

ara aaclaar. Alt kauf*) laraa aartlclaa or tncluatoaa aar aaaaji ta aa 

ganarallv «arrlaanral ta fractura toaa>naoa (kann an* koaanftald. 

1*71), alaaaraolaa «ara akawa ta lacraaaa tougknaaa In Al-Nf-Jl allora 

dkaaaaaay mt ml., 1*71) aaal to ekanaa tka frmctmrm aaa* from aalnly 

tat«raranular   to  at    laaat   partly   tranagramilar 

Pravtaaa «ark at 0afar4 Oklaarolt* (Dowllna, 1*75; Prlaca. 1*77 

rnmä MMr<t, INI) tavaattcatac tka taflaaaca of Na-kaarln« «laaaraota 

aartlclaa aa tka kaaavtaar of Al •*« «l allaya Pakltakaa1 work lad «aaa 

Sawllaa, aaal Martin (1*74) aa alia «1 atrtkatlaa. •awllaf ataf Nartta 

(1*77) m taaalla fractara procaaaaa, Prlaca tmi Nartla (1*77. 1*7*) 

aa aaaatoatr crack priptaatloa, aaal Maaraa aaal Nartta (INI) aa 

fatlawa  crack     araaaaatlaa.     Tka  praaamt     aark   la    ptJaaäaNJ  ta 



»rerloua        atwdleo        «ad        to       eetablteh     quant 11 at 1 »el r     and 

lguouaty     CIM     tola    of    al croot ruetore     to    determining  freetare 

ea   of   rheoe   «I lore 

«laa-Slltcoa »yetea lo.l     The  /Uuai 

ratura   of   tho  Mg.St     ,hoaa       A«   the   atllcoo   coot ant      to   tacreaaed 

The «Ho« uoed la tho present work Hoe the haoir coaejoalt loo 

M-O.ktfcg l.OtS« Tat« la a eeaojercla) alloy with a good eoahfaattoa 

of «trangth. carroaloa roalatanco, eatradaal ltty aad weldeel 111 y 

Maaree (ltdJl) gave aa «acollaat review of work eeae oa thfo eyatee 

which la euaaartae« haro. Tho roaaualtloo of tola alloy wee arrived at 

eaalrtcally (Allata aad Marcher, 1971} aad dlffere froa peeudo-Binary 

«J-feg St la that It coatalaa aa esceo« of olltroa. Thta oscooa 

atllcoa goo« lato aelutloa end haa tha offoct of ratalng tha aaluttoa 

M 

tho alloy ha« a higher aolut« eeaeroatoratloe aftar quenching. Thue 

tha velwae fracttoa of tho ageing ereclettate ta tacreaaed leading ta 

a ttaar ageing atractwra. Soae of tha aaroaa «111con la aloe takao oa 

ta  tha   teteraatalltc  aaagaaeee-hearleg ehaee. 

Tha alloy «goteg characteristic« aara 4t«ru««»d ay Dewllng 

(It?*). Irtofly, tha allay la hoaagaetaed, aaoached aao aged ta 

produce a aerked tacraaaa ta yield strength CT aaaaa cawao tha 

Karoo«log whan tha «going ta at low teaaeretoree while eaadto-oeeeod 

*g it   arectettatee   fara at   higher   teaaeratoree-     The  aaoin«  eraceeo   ta 

•ene'rlve to tha ttaa of holding at reaa teaeeratere after aweachlag- 

"aeaeey etaatera are foraei rapidly at raaa taaaaretare after 

eaenehtag, and atace tho«a claatere provide aaclat far precipitation 

at   Higher   teaaaratoree   It   ta    eeceeeary  te control  rarafally  Che    held 



tla»   between  eweachta*,  end  ageing 

A« 4ter<jaeed by Devi lag (1*75) HW cMtreftnjr «cist« over CIM 

tuet itr«r(ur. of ClM CF «MM» hardening phaea (•")• Theeaae (1**1) 

enggeet. (Ml It l« • fCC aaaartattlce while JMOM (1*71) «MI dart 

«Ml Von Aelaendehl (1974) nggt 11 heaagonel MM) eonocllnlc itructurti 

MIM' t N*l» 

i.lk* «Mt MM hardening ayetee», the preeent alloy dlaelaye 

precipitate free ton»» (TIT) at tW grain bounder See aad grata 

boundary erectettatee la tha aged condition. TWlr ataaa depend «yon 

->oe»genl ring tiayintart, quenching condttlona and agalng tl«f and 

tiMiritur«. The grata boundary preelpltetee ara believed to be 

el'lcon   (Thoataa.    IW1). 

la coaawrclal altaalnlua alloya, aengonee* ta aal Mid aa a grata 

refiner and to redure the euerepttbt11ty to latargranular 

eabrtttleaent (»err la and «arlay. I*M; Allata and Marcher, 1*72). 

Iron la al_j preeent aa a« tapurtty. Ira» for«* coara« eecoi 

particle» which ara generally ragardad aa harnful (I 

loeeefleld. 1975). Iwrnr, It ta «»wall* aairaaaaitc to reduce tna 

Iron level bale« about 0.1-0.WtI. Hanganeee ha* the added advantage 

of ch* .ging the aorphology of the trow bearing phaee froe, the 

relatively hereful elatee of a-(Fell)A1 te the leaa harmful ecrlpt 

aarpho'ogy   (Chadvlck   at   at•.   1*91). 

•MM eaetlag MM! rapid aelldt fleet ton ef a« Al-Hg-al-fta all*«, 

aeet of the «Ig. SI and »a ta retained la eepereeturated eoll* 

eelutton. la Industrial practice, the alloy ta then hoejegenlied 

Oaring th.- noeegeal t a» ion heat treat sent, the aipula» end ell Iron 

ara hawjageaaueoly redistributed, hat the aengeneee ta precipitated aat 

of  aalattaa     ta   fora     the   rod ehaped     lateraet al 11 r   -i »l(jaa,  it 

at 



(dtaaoraoltfa). Thoaa atapora'>t<ta prarloltata «.ulckly not 

•lowly M that thotr final atao of «hoot 0.lu* ta racaonooly c-oootaot 

rogorolaaa of auoooouont hoot troatooat. Tho «taawraotda -annot »a 

roallaaolvoo hoccwoo of tho low collcua (Bovllat. 1*75). Sloco too 

allot oua» ho howogonlro« to ro«o«o tho coot atrwctoro, too 

«toporaotoa loo»lta»ly for« than. Toward too owo of hoaogonlaotloo, 

tho «laoorootco laooorgo Oat««Id rlponlrtg, aoo tholr alia oorloo oo tho 

cuao root of flaw (Dow)log, 197S). Ilaoo algalftccot growth aaaU 

roqulra   aory   loot  hoaogonlcatloo   ttowa. 

( 

l***1    r>r*ct*f»  »»choolowo   la 4l-Oj-51  oiloya 

Dot»11a of too fraetur* oorhantawa to 4H*g-St alloya ho*o aoon 

wooor atooy for a moair of yoora. Choowira ot al. (!•))> lookaJl ot 

tho aoMltloo of Fo, Mt mal Cr to too hoalr alloy ooo fowwo that oil 

throw tocrooooo tho atroogth of tho alloy. Thoy fewoal thot tho alloya 

wlthowt No aoo* Cr woro hrlttlo aoo frartur»<5 lotorgroowlor ty whl lo 

owoa with No aeW Cr woro atroogot, aora owcttlo aoo frarturao 

trooogranwlarly. Tho rothor tootottvo cowclooloo wao thot tho 

tat»ra,rmultr fraetur» woo eowaoo hy tho low atroogth of tho groto 

hawaaa.-y oroetpttatoo. Tho taplteottoo woa thot Ha ana Cr roWwco« tho 

•••wot of procipttottoo ot tho grata howwoory ana thwo awpraaaco tho 

toooonrr for lotorgroowlor froctoro. «t tho ooow Moo garrta ooat 

•orloy (It))) wora »orrlog tho Hg ooal «t cwotoota of tho alloy which 

•loo eoototooc1 ohowt 0. ItFo. Thoy ewocIwoo4 thot aorooa at 11 CM woo 

oocoooory for ortttlaooaa aata thot tho low oworgy lotorgrowolar 

froctoro oath woo woo to tho prcforoottal grata howooory proctpttatloo 

of  otthor   froo    •lllcow or •%,»!     to  for« •    ewottowo«a  groto  howaatery 

*9 
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ftla. aaaaflclal affacta of Mn|in«M and chraalwa aara attributed to 

thatr Inhibiting prafarantlal grain bauadary praclpttattoo although 

tha  practaa  aachantaa of   tat«   Inhibition   la  waclaar. 

OaawWr. *—*• aad Thoaaa (If/I) alao fowwd that tha baalc alloy 

»1 -O.aDtg- i .OMl had vary loo toughnaaa »nd fatlad lacargraawlarly. by 

adding Na or Fa thay lacraaaad tha toughnaaa ay a larga aaouat (Na 

oaly) or ay a aaall aaount (fa oaly). Add la« Na aad fa togathar ga«a 

towghaaaa loaar thaa for Nn oaly but bat tar than tint aaalr allay »r 

far fa oaly. Taay caaclwdad that taa raalataaca ta crack propagation 

of AJ -Ng-St la lacraaaad by Incoherent part Idee aaa to Pa aad Na- Taa 

tougr-neae lacraaae aaa arcaaganlad by a changa In fractara aada fraa 

aalr.lv tnteraranular to at laaat partly t ranagranular. Taa avat 

effective aartlclaa were taa flaa oaaa of 0.01 ta 0. ?)ia> dtaaatar 

fdlepareoide) foraad daring hoajogenltattoa aad hot working of taa caat 

Ingot. Inrluetone (> I.Ova) aara cone I da red eetrlaaatal ta to-,'...'•• 

bat   oaly  when   flaa   aartlclaa  aara   preeent 

Oaallag aad Hart la (Ufa) aad (lf?7) Investigated taa at far*, of 

Nn bearing diaaaraolda aa allp dtetrlbwttoa aad taaaI la fractara 

proceeeee. A« ragarda «Up dlatrlaatlaa, Da«ling tm* Hart la (lfH) 

fawad that Na diaaaraolda cawaad lataral ear aad tag of taa ally band« 

aad thaa gee* aaallar atraaa caaraatratlaaa at tha haad af tha allp 

baad Taa atraaa eaacaatratlaaa aara alao reduced by taa aaallar grata 

alaa af dtaaaraald containing alloy* Thaaa two affacta than ewppreea 

latargraaalar fractara at law atralaa bereue» taa atraaa 

eaacaatratlaaa ar* taa aaall ta caaaa eeroheetoa at tha grata bawadary 

praclpttatee- aa ragarda taaatla procaaoaa. Daw Hag aad Nertta (lf'M 

atwdl.d tha aaatc allay (Al O.afJbg 1.OtSt) aaatalatag aaaroalaetely 

01,   0.11.   aad  O.Mra».     Thaaa all!   a*   ftmmd  ta m  allaya   1,     7  aad   * 
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coaaletent »1th the nomenclature of Prime» (\171). Oewltng aad Mart la 

found that alley I felled] lntergraaularly auf the latergreaular 

fractere eerfacea uer« covered eith flee dlaalea of 0.) - l.Oum 

dleaetar. TM« correspond« to tlka average aeeclag of the grain 

boundary precipitate«, eaggeatlag theee ae -wcleatton altaa for the 

grain beuaeary void«, tchuel 11 r«er (IMO) ha« euggeated, however, that 

failure by atcroeold eoeleeceece aloeg tee FT7 In Al-Hg-Sl alloy« at* 

nucleate hoejogeneoualy by »eld formation In the die location 

eehetractare. 

Dowllng <l*75) found that elloya 2 aad 4 fractured la e ductile 

eenner la teeetle teeta elth void« forelng at cocrae aartlclee la the 

aatrla. la alloy 2 theae «olda gree la dlrectloaa 4«.» to the tenet la 

esle, aad eetaatroehtc failure occurred leaving «5° «hear fracture 

eurfacee. la alloy 4, the higher value» fraction of dleeereolee 

suppreeeed the 45° propagation, aad the atreaa lncraaaed uattl velde 

foreed at the diaper«old«, failure then occurred ay the coeleeceace of 

theae  aaall   «olda. 

rrtec« (197/) too* a «lightly dlffereat etee ha felt that all 

three alloy« failed la a predominantly (ntargranular eaaeor. Me fa—d 

that «olda did eeen ue at cearae aartlclee ahead of a crack tip. hat 

theae uere ea er very aeer grain bounder lee aad thua crack propagation 

occur, ed along the grain aa«alary- Prince ajaeeurad the alae of creek 

tip plastic tono« after crack propagation, ualng ee leeted area 

channel Hag pattern« The reeelta aheuad that terreaalng volea» 

fractloea ef dlapereolde lncraaaed the propagated crack eleetlc ceaw 

alee aad alae lecreeeed toughnaaa. Prince proeoeed a eeeel far 

fracture haead aa a critical lacel atreln that aaat ha achieved at the 

of    a    alia    hand    to    eaaaa    aa  lacraawat   ef crack  araaagatlea. 

»I 



According to the Prince aedel (reviewed la Sect. 1.5.1) dlsperseld« 

heewgealte the «Up distribution «o chat a higher «Kroicotlr «trete 

•vet be applied to ec we • give« locel etrata. tehee) aad haee« 

(1*7?) agree with tow «evert« of thle aadel. e.g. fracture Initiation 

eve to • critical etrele In the PH. however, they feel that grate 

else le the eoatnant factor aad that the effect of dl«persoIds le 

prlaerlly  to  produce   ftaar  gralaa. 

tdwarda (INI) eaaalnwd fatigue Ufa «ad fatigue crack 

preparation ratee of thaee alley«. The fatigue ltfe was found to 

tacreaee with the value* fraction of dtspersotd. Also, fettgwa crack 

growth rate derreeeed •• the volua* fraction of dteeereotd tacreeaad 

for law aad lateraadlete values of ak, the cyclic «tree« tateealty 

factor. However, et high af and high aaouet« of dtseareotd, void 

foraatlon at coarse partlclee teaded to owtwelgh the beneflrl«! effect 

af dtspersotd«. The tatergreauler frecture and« we« dependent aa the 

eeilaue «tree« Intensity In the fatlgwa cycle with the al crowachenleaa 

Identified «a alcrovold coalescence eloag the grain boundary ffl 

tdwarda eateaded a seal-coheelve saa* andel originally weed by Needy 

aad Oerbartch (IMO) to explain the adcroaaehaalea* af fatlgwa crack 

propagation The Edward» aadal predict« that fatlgwa crack growth 

rate« er leteraadiate al are controlled by \mn. The corrtspoedleg 

lowering af fettgwa crack growth ratae by dlspereolds reflects a 

a*creeee la the degree of latergraaular fracture dwa ta eoojsgseltettew 

af  «Up  by  the  diaper «old  particle*. 
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1.4.3    Ohjoct  of  th«  »r—«t  Work 

Th« »nrill ob)«cttva of thla Invtit tgat JOB to Co «luclootc th« 

rolo of aacrootructura on fracture tough»««* «ad tho «lcrnaa chonloajo 

of crock eat«aal on la Al-Ng-Sl IIIOTI T1M aawclftc aln Is to 

«et «rain« tho offoct of earring tho roluo» fraction of No-ho« Mag 

dlaoareot«**   on     dwettt«   fracture     toughnea*   crlcarf«, rweaoaee   to 

trtoxtol   etree*  otatoo  and crock    tip  ploatlc   SO«M  el »«a  «o  to    tho 

lnatant of crock estenelon- Ulttaatoly, tho alo la to Incorporate tho 

offocta of thooa «orlokloa oo tho crock «ateaalon aachonloaa Into a 

node! which eaplaln« too rolo of dtapereolde In «at«raining th« 

froctor*  toaghaaoe  of   thooa alle««. 



H|i»r«   1.1 

Coordinate   ayatM   for   equilibria* 

iclc 

mmi coaoattalllty 

H«uro  1.2 

•  of   crack   loading 
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rtgmrm   1.3 

Nod«   (   crack   «ritt   blast«!   atraaa 

rijurg   1.4 

Plrat   »itlaitt  of   crack   tip  alaatlr   ton«  tit* 

ftgar«   US 

Sacoad  aattaat»  of   crack   tl» plaatlc   too»  • !«• 

2 
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rlt»ra   1.» 

*j(dal«   aaaal   for   crack   rla   pUtflc   MM   alca. 

rifr«   1.7 

»lartmawta   Mtmn   alatw   ftrati   and   plan«   «trait«   piaatlr 

ma«   «aalat   ««•  Maaa   rlaU  criteria«   (aftar   troa*.   19T§). 

ri—ra   I.« 

fffact   af   tatrlaxi   tMrfeawaa   a«   ilMtic 



I 

r 

ttttttti 

iMä 
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H§mrm   1.9 

) 

teal   ropr*««ntat lo«  of   tlM  «wrty  erft«rt««. 

tttßf   1.10 

V« Marlon  of   tiiihBm   with   ip«rla>n   tMrkn*aa 

0 





fl—T«    1.11 

Dartaltlaa of   J-latafral. 

V  -  »train  Marty   aaaalty   "   )• ** 

T  - traetloa  «actor  paraaaaMe-alar   to  taa   ltaa 

a • cUaalaeaawat   la taa I 4tractlaa 

4m  • mm alaaaat   of  taa   lfaa 

T - taa  elaaatf caatoar   followa*  eawatarrlortvti 

Flam   l.U 

Schaaatlr of i  »triwi km  raatatanra Una. 
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riaw« i.i3 

•f  «leroatrwctara  of  vtillir   «atarlai«   (aftar 

Schvalka,   It77). 

a)  Sl«tla  ifcaaa.   a«l*cr*atalll«a «atarlai. 

a)  TWe  aliaaa «atarlai,   I  ta «• 

a)  1%a afcaaa    «atarlai,     *   in     i »lth    aavroalaatalv 

•aval   veiwaw   coataat. 

4)  ttmmi afcaaa aarttclaa  alaaa,  tha  grali»  aaaaa'arlaa 

•t  ttea  ftret   afcaaa. 

a)  Ca>atlawo«a   natwork   of   th«   aacaaa1   phaa«   al«Mig     tlw 

ila  Smmmdmrt—  at   tha  flrat 



•*—*•••» 

( 

c> 

dl 



»lgajra  l.U 

'rack   froMiitlon   n»chanl««a   (after   SchwaIk«,   1*7/). 

a)  Cleavage  crack   propagation. 

• )   Mafic   fracture   ewe   to  cearaa   partidaa 

e)  Magie  fracture  «a«  to  fine  perticlea. 

4)  Maple  fractura  «a«  to coarae  mad  ftaa  particle«. 

a)   Ietergremtler    crack     propagation    ewe     to    grain 

kewaaary  practpltatea- 

f >   Ietergraoular     crack     propagation    eW     to  a  hard 

phaee  grain   boundary   fllaj. 

g)   latergreawlar     crack    propagation    awe     to a  aoft 

grain  howneer*   file 

h)  Crack     propagation       my     a)lp       plene/altp     piano 

l et erect tew. 

t)  Crack     propagation     k*     altp  plan«/grain   koengarr 

Interact low. 

J)  Crack   propagation   eolelv   mm  plaatir   kluwttng 
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riff i.i> 

rtlU  crack   aroaaaatloa   ay  tflaal*  format 1M   (aftai 

llM,   l«77). 

flgtr«   1.1* 

fractt. -•   toughiM««   of   MM»   aluotnlua   alloy»   vor«««   wit 

fraction  of   taclaaloo«   (aftar  Sckwalka,   1977). 
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flgar«   1.17 

fiMMtrlt   »oMlblllHt«   for   plaattr   imformmt i<yn   In  on*   «lip 

arat*«     A   •   ap*<-tna   totwui   «Up   atapa;   •   •   height    of   «lip 

•tap«;   a  - Mgl*   httiMtn   slip  plan*   ««4  crystal   aurfaca;   I  « 

talckaaaa   of   a  allp   hand   (aftar  Rornaoaan  and   l\m Gahr, 

1*75). 

riaara   l.li 

If fact   af   thlcknaaa   «a  Kf   of   owwr 

Itfc   «arl'Mia   train   altaa   (aftar 

7000  aarlaa   alloy* 

on   and   Zlnkhaa,    l«75). 
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rt—r«  1.10 

»rtac* —4«I f*r the «arlatt** *f *mcr**c**te aaC l*cal 

Nnli *a a ftMrttM •# 4tiiMMt •»••< *f • crack tla far 

(a) aa all*« c**>tal«1o« f** «taa*ra*la* a*4 (») a* all*» 

<-*wtat*ta« aan» «ta**r**laa. a*»* all*** aclil*«* tlh» «aa» 

«aal*M* l*r*l atrala at tk* crack tla k*t »«r»» *tff*r**t 

**gr» • *f «acr »•<-•*« r at rain (fr** Prtac* aaja «art la. 

If»*). I 

ri«*r«   I.II 

Tr*a   atrala  «a  the   lla*   akaad     af   a  klaatI 

f«ar«i*a *f    atataa*«   I    *f a    a*t*rtal 

kafar* **f*c*»t<a* **vt***>  kf  cla» crack 

crack   tla a*    a 

fr*« tk»    tla 

«g «I a*lac« 



PEAKS   AT 

SLIP RAMOS 

MACROSCOPC  STRAP« 

  LOCA1 STRAP« 

CRACK DSTAJCE 
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l«ff   2 

I 

( 

HATM5AL5   Ma)  UFWllaWTal   raOCIOUM* 

2.1     UlttrUli 

Hat aria Ja awl thalr [i^nltlwwl •MIMII aara MfflM my 

NHifi. klemm tittrMilftMl Uas CMpatltlaM ara at aaa la Ttkl* 1.1. 

Taa ilUfi mrm 11 •• taa caatrrlil alloy Al -0 Am« I Otil •<> *tMn 

Mlo» NT, • high parity ttr««f» «It«?, WM aa»»»aal<W) aal alllr«« 

eaataat« «fetch ara r*a aaaja M taa eaaawrclal allo» THa all««« ML, m 

aaa •/« ara all aaataraary allaya eaatatalwj law (O.fcrtl), aaalua 

(•.awtt) mm* HI a* (O.Wtl) aaawjaaai raaaattlaaly- »taea taa arlaary 

aajaettva aaa •aaa aaaa a aataraiaat law •» taa affacta a« alaaaraata' 

«ttHow« taa aataatlally •aacartaa, affarta af eaaraa aaaatttaaat 

aarttclaa, all raraa af taaaa allaya «ara *aaa fraa a aaaar-ywra 

alwatalw» aaaa la araar ta aatatata vary law traa eaataata (laaa taa* 

i.Olwtl) Till a law Irwa eaataat aaa aatataaa la * awi m. «a taa 

Iraa aaataat la aJi aaa alt»***« alajaar taaa aaalraa (O.Oawtl) Ta 

aliaw aaaaarlaaa af raaalta «tta a aaaaaralal yartey allay, allay aZ 

«tta  O.lrvttra aaa   ala~ 

l.l.l    C—tlaa 

*a Taa la 2.1 laatcataa. allaya NT,  «. MM) « aara aaaa ta taa 

eaata  la taa aaaaaaaM aaat, taa aaltaa allaya aara callI aaat laaa 

ir awa taa aaaraalaataly Ma» (1") talea.  ta taa aHraat aal11 



aatHo4, tha alloy« aara Malfoaclattowilr cast lato a aatar c«*M 

aaal4 «ho«* aattaa la ca—artaa1 to a hygrauttr raa. *• rK# aatal 

aallalftaa, tha raa «ItMrm It fro« tha aaala" a« that tha 

aaltttfteat Ian rata earn a* caatrolla4 hy tha flow rata of tha caallaf 

aatar »nd the aaaad of tha IM Tha cant lag «MM than aralaan to raanva 

tha aarfaca larara ami to attain tha aaatraa* thlchaaaa »rlor ta 

thanaaaachaalcal   traataant 

2.1.1 Thai »chanleal Traataant 

( 

( 

With tha aacaatlaa af alia* Iff, which at II ha «laeuaan« 

aaaaratal», all tha allay« aara hoaagnnlaaa' at MO"C far I* haara. Tha 

allaya aara than ralla4 at MO'' ta am lataraaalata thlchaaaa. aI lava« 

ta eaal ta raaai laagwratara aa4 thaa col 4 rattan* ta final thlchaaaa. 

Tha final thlchaaaaao aara raaalraa*' lfaa tmr taaalla taat aa«claaaa 

•am I has far fractara tawghaaaa aaaclaaaa. Thraa thtehaaaaaa ata 

tharafara gl vaa U Tahla l.ti arala+4 thlchaaaa. thlchaaaa aftar ha* 

railing) ami float eaU rolla« thlchaaaa. Aftar aachlalag ta tha 

rvaatrad aaartaaa fora. tha alloy* wara thaa gl *aa a oalattaa aaal 

raaryntalItaattaa traataant a« It atfaataa at MO«C la • aaltan aalt 

hath, aaaaehaa' la «atar, Hal* at ramm taaparatara far 1 «laataa ami 

tha« ammi la atltaaaa all at lt$*C ta aaaa haraaaai- «lagt« aaaclaaa 

agalag carnaa aara imaalammi ta ant a ran aa tlaa ta aaaa haraaaaa; thaaa 

agalag caraaa ara ahawa la flgaran 2.1 ta 2.9. maramaaa aalaaa wmra 

aatarataa« vatng a VUhara Hammmi taaaartac with lOhg laaal. Tha 

arrat hara ranjraaaat a ataaaar4 aaatatlaa aaaa< aaaa at laaat flaa 

aaaanraaaata. Agalag tlaaa ta aaaa haraaaaa, aaaalataat alth tl 

giro«  hy  Oowltng  (ItM),   »Tlaaa  (19")  aa4 Maatia  <lt*l>.  aara aa 

• 



Tat!«   2.1 

H»e«rl«U  Pro«-«««!«« aatf 

Hilr kn«ittt   (••) 

 A  

Ml. 

l«M(»tl) 

•  
Alloy  CaatlncSeal*««'     «et C*U       Hj 11 Iti Tl     •(»*•> 

( 

Tm • 

29 

2) 

M 

7t 

2t 

a 
12 

It 

M 

• 
14 

It 

• 

M 

1 O.Vt 0.9t 0.001 0.0t  0.0t» It 

9 O.tl 0.9« 0.001 0.01   0.01* II 

9 

1 O.tl 0.«; 0.22 0.01   0.011 II 

* 0.10 O.M 0.21 0.02  0.011 1t 

9 O.tl 1.02 0.44 0.0t 0.012 17 

I 

1 O.tl 1.01 O.tO 0.0t   0.010 11 

9 O.tl 0.99 0.17 0.04 0.011 24 

9 0.44 1.11 0.42 0."  0.012 11 

I 

NBMM «C - Mrttt  Chili 



I < 

UIIMMS m, mm *• M* m, l»ttm •«<«, Mr«. 

Ultf NT rar#i»«d • iiMdtit dlffaraat tha raja «acKaalcal 

traataant 4M« to It« tiwlttcy toward a larger grain alia. WMXI 

arocaaaad aa ahova, ITT ha« aajutaaad grata« «f «haajt *00ua dlaaatar, t« 

contraet to tha dtaparaold containing alloy* Having a« aqutaaad grain 

atia of anaroalaataly lOOw«. I« ar«ar t« laolata dtaaaraold «•!«•» 

fr«ctt«« a« tN «««artaaatal «arlabla. It «•• daatraain to knap th« 

grain ala« ronatant. Devlin* (I*')) trl«4 uaaurcoaafwllr to l«cr««a« 

th« grata alaa of th« dlaeoraold containing «I lor* hMtftr, t« 

•no'har «na-oach KaHrarda (I Ml) algal f leant If reaWad th« grata alta 

of allay MT by catttag tha aolutlon traataant ttaa aftar -old aerfc t« 

oa* «inatta ami adding a «a« Hoar aolutlon traataant at MO** hafara 

tha rold rolling Thaw by nod»fring tha aolutlon traataant «aal 

ae+lytag Mt cold wark, «Vdwarda ohcalnad «a MT grain ala« of l»ta» 

«Ithantt affecting th« ageing characterlet tea «r etheretaa altarlag th« 

•feraattactara. 

Thta aetall grain alaa traataant «a« attaaytad aa th« MT alle** la 

thla *t«a>. Th« MT aeoeaaald e«at, haajvoer, did «a« land Itaalf to th« 

traataant «ecaaea th« caat thUhaaaa of Has and tha deelra«) flaal 

thlehaaaa of Ham aorelttod aalf Mt raid «arc to ha «fpllaal «1th a» 

or I or Hot working Th« reon.lt eel grata alaa 1« thla all«« «a« 

agwreateatel« m*a (Th« not Hod for grata ataa «eaawraojent I« 

>IM I« «action I.)) «evo»or. tha dlra.i chill eeet MT all«? «M 

-•Had and ro«al*edj Mt aaldj «or* ta gt«a a llaal grata alaa of 

•t MO» Thla la atllt la-gar the« th« grain a.*« «htalaadl hy 

ird.. tha gtffereean aay ha aaa ta tha dlffarant final thlch—aa la 

ih 



—»•>—•   • 

Oral« aliaa for all th« a1 lava ara glran IN Taala 2.2. 

"toiiurntnu war« —4a oa tnrM orthogonal plan««, aach aaftaaal ay a 

UM aaraal ta tfca »laaa aa rat lava» L, laaajit«MJtaal tflracttaa, 

aarallal to tSa rolling attraction; T, tranavaraa tflracttaa, 

porpandlrular to tfta rolling <4 tract I on ana* tna rolling plan« naraal. 

aaW  fT,     «Horr     tfmmvf dtfrttom,     »arallal     ta  tha     railing  plan« 

Taala 2.2 

'.rain  altaa   < urn) a«  , rlaclaal   plan« 

Ailar rr AVC 

ii* 

200 200 200 

10* n •• 

0« n M 

•1 • n 
*• •i H 

( 11     Taajalla   Taaia 

ilia »MI» «fata parfaraaa) aa a M*M> <• i 

aaraa-k«4raallc taatta« tarhi*. MttM »UK a MM Ua4 call «a»r 

paalllaa aaanral. tat* aaccHaal aaal »ara Hal at«M »••all. ggajalajaaa 

•»»• ajajciilaaal M that tk* lang»" a« taa gawclaaaa lay U ta» 

laa«lia41aal «ttfaattaa. tatriat« «a»rw Ml« I« plac« aM CM 1«M 

•paliaa throng* rtaaatart «aaajaflalal •«. It aaaalajati afcaafca. A a»a»trat 

af  0. laat/alattta    »aja atttalaa*)    ay aatag    «•*• 

»ratar   MI   aa   0. >*»l ra/aln       411 • leal   »aata  avra   part ta 



1 

laboratory  «fr   (-  MS  ralattvt   (aaaJaMtr) at   room  twftnt.r«   (-  JO«C). 

»n   I-T   racoraar   plot t»4      loan1   varaua   ch«-ig»   la     apaclaaa   dlaaarar *n 

laatraa «train ga«g* aataaaoaatar, aaatflaa M atxwrn In fig. 2.4, MM 

to «nur« aaactaaa «'laaatar. Thar lta aatawt «aa llaaar oaar ta» 

af tataraat eaa «a aaaa fraa taa rail »rat to« atiaaTJ ta fit* 2.7; 

It «aa astraaajly aaaaltlaa ta eaa«§a la aaarlaan aiaaatar. Accuracy 

aaa ta taa .«araat O.Ola*. taitlat aaactaaa Jlaawtar MM aaaaara« 

aatag a travailing aieroacoaa ta aa accuracy af O.OUaa. TMa 

taat rwaaat at I aa aaawraa tHat tooth aagtaaartag aaal ttw atraaa cowl«1 aa 

ea1c*latag far aay aal at «artag taa taat. Taa traa atrata la gtvan ay 

(Narkanala  at   al.,   Iff») 

r - 2 u (a.n 

»ra rn   la   taa original   ratftaa mmi c   la  taa  laataataaaova   raaMua. 

2.2.1     Uanotraaa-  Taa» t la  Taat« 

( 
ttaaat  taa» I la atraaartlaa af  taa aatarlala «ara    gataralaag 

initial «laaatcar la taa gaag» langt* »•• aaaraalaataly aa» ami tkw 

aa«g* laagta aa» Haaa Taa» taa aataatar aaaa« •' °- lam/ajtaata ga«« a 

atrata rat« af 0.0l/a4aa<a. atoalatag aerateaaa aara ra— «a« ft 

gaaaga langt», ay gr tag tag vtta aattaaalaaly flaar graaaa af al 11« 

aarala» aaaaal«a aaaar fallaaaai a? a»I taking vita araaaa. Taa atrala 

taaaja aat aaa aaa tar aaa attacaanl ta taa ataalla af taa 

langth.  «aara  narking aa4  ftaal  fractara ataarra«. 



( 

1,,*J    fctgt>««'  TwlU  Taaf 

*H»WM »f ClM ••(•rial* to warylag 4*flr*«a of trtaalal atraaa 

•tat* «M anaaura* oa elrc«ajfaraat tally aatf-Ha« taaalla aa*rlawna Tka 

•fartMn p a—try and atraaa ana I rat a wrt ••••4 on Ikt work of 

tarfcantla, ka»ro<-k anal »row« (1977). Tka affacttaa alaattr «train to 

fatlara latttattaa aw« aaaaura* for alffarant valuaa of atraaa 

trlaalaltty aroawcaa ay aaryta« tka natch raat radlua of r«r»«iur» 

«partawn   aaoawtry   ana*  aatek   r«4tl   mr»   afcoam   la   fig     2.9. 

Nrtllt fallara ta thta aaaaatry tatttataa at tka eantra Una of 

tka aaac Iaan at tka aa>teh «Kara tna atraaa atata ta «oat aaaara 

(»laekanata at al., 1977). Tka atraaa mm* «train atataa la tka aatek 

ha  aattaataal   front  tka   roaulta   of   an   analrala   ky  IrlafM«   (INt)l 

*••   • if:   •   In<c,»2et-«>>'1 

( 

•» - 3 tafV»^!-«1) 

% - • la m» 

(2.2) 

1.19   MUatrataa   tknaa.      «*tk aM   tn«   langl tnaMnal   a»r.... 

•» tint   raaUal   atraaa   ana*   '< p  tka  affact Ina alaattr   attain       Alan,     c   la 

tha   aaarla»«   raaltaa,     I   U   tka   aatck   raat ra4l«*a   af   rarvatwra   anal   a   ta 

«latanr»    muWrnWrnt    trmm    tka    caatralln» of     tka  aaaclaaa.     I I« Mt 

«f fart I »a   atraa.   |ln.   n 



•*•«••• 

, 

• - +4*,-*^' • <•,-«,>' * ^"V (2.3) 

( 

Tha   itriM   trlaalaltty,      <s*fIn^rf   ••   tlM   ratio  of   tiM  aaan     «fr#u 

to  tlM  affacttva   itrtt«,   for   thla   m»»mmtrr   la  glvaa   ay 

7a   -    i    •   In /,-    •    I* 

7 I» ) 
(!.«> 

I   la     larga,     tH#   trlaatalttv   aavroarhaa   tha     laanotr 

MMilt  «alwa of   1/3. 

Mam-or k   anal  Nackanala     (1*7»)   •»taralnad   that     fallur»   initiation 

rorraapofMla     to     tha     a»stau«     In     »ha     »lot     of     tnw     atraaa   a*alnat 

•ffactlv* alaatlc atrala. la ana» aatarlala thara «a* ha a 

<-onata>ra»l» aanant of atrala aatwaan thla aolat of faltwr* Initiation 

•aal au»«»a.«ant flaa) fract «ra of eS» •»•< le»n How»*»t. awrh wa» not 

tK» rttt la tha »r»a»nt atwa>; tha fal lur» «train waa t»a»r a« tha 

at rain at   fractara. 

'"'    *ra«tara  Tawaftaaaa  That« 

rrart«r» ta«|hat«> taatin« waa aarfarajaa' aa a HMD cl« 

> Hraraultr t aal In« aachlaa flttaal vtth a Hh* 1««4 call «awratln« 

la Uaal tailrtl. Caa»act itatlo« (CT) a»*<Ma»na war» «a*-hlaa4 |a taa 

LT arlantatlam. I.a. «ra*a »Ian* wml In tha Ua« It «all aal «tractlaa 

•aa tha crack pcaaaaatt— la tha ir«Mtartt «Mr», tin« Th» aaaclaaa 

#•• —try «aal MaiatlMN ar» «haw. la fl§ 1.11. a «ffaKlaaai thlchaaaa 

a/ aa^raalaatal* 11. las «aw aalactad aa a *aar'«al** hataaaa that 

aaalraa     for     fnll     alaa»     atrala    caaatratat     «a  tha  alialaai  mm   tha 

• I 



t 

( 

Haltatloaa lajaoaad hv eaatlng ate« «ad hH( traataant lidlititi 

Prior to haat traataant. • «harp atartar notch «•« aaarfc arodad la» 

kafoad tha aachtaa notch uatng M> gauge coaaar air«. TMa «tartar 

notch provided aufflclaat «traaa concentration for th« fatigue 

are crack to Initiate at tta tin. Tha fatigue ere-crack aaa grown froa 

the «tartar natch at a at la tha rang* 10-1 m»a1r». Tha 4—lrm4 at aaa 

aalntalnad aa taa crack graa by a aanual load eheddlng technique, aad 

thle aC aaa reduced aa tha crack length aaaroachad tha daetred value 

af a/a. Crack langt* aaa aeaaured at frequent tatereale walng a 

travailing aicroacoaa focueed on tha aaectaan aarfaca, which had kaan 

ajachantcally nallahad to a aaa flnlah. Thla technique enabled eurface 

crack langth to W «a tar tad to an accuracy of O.Olaa Tha fatigue load 

eevefora aaa elaueotdal «1th ^(\in/tmmm) 0f 0.1. All taata aara 

•erforaad   la   laboratory  air   and   at   rooa  taaaaratara. 

1.3.1     Klc   Taating 

( 

atrala fractara toughneea taata aara earforajad la 

accordance alth ASTM ataadard ll*« (AfTM, l»'l) e« ePt that tha 

thlcknaaa dlaaaelaa aaa alight If laaa than that f ai.«ajaaadad la tha 

ataadard far alternative coaaect taaalaa eeaclaen« (11 . tea vereue 

12-tea far V-Mkai). It aaa claar chat thla tht.haaaa aaald ha 

laaafflclaat far a aal Id i^ g^#rfj4 ..tu., a».,,,,, aftaga . c^llg m 

ajaaawrad froa tha aaa» taat racard aa obtained far tha J taat (ta be 

dlacwaaad la aacttaa 2.1.2) It mm decided ta aaaaara Kq M a aaaalhla 

«aojaarlaan af taaajhaaaa hataaaa aatarlala. Tha aaaclaaa atraagth ratta 

aaaxtaawd la tha atTN ataadard had haaa calculated far thaaa alloy« by 

Prince     (If)    aha    fawad     It     aaaaltahla    aa    a    raUtlaa aaa aara af 



i 

I 

After clM fatlgu» pr» rr»rl hee* grown to MI a/a* «alee of 

aperovlaetely 0.55, the iMclwr waa reawe« fro« the grlee MMI • 

aoeMflee1 iMtrm «train g«ug« fitted. Th* ell» gauge «a« aounted 

between taw ra«or alaee« hele by eaesy raaln to tat eeerlaen loa4 

llaa. Th» die gaufr than aonttoree load Una «leplareaant ' \j , the 

calibration currt far thla ell» gat»** la ehmm In fig. 2.12. Tha gauge 

reeyone» aaa linear oaer tha rang* of tntaraat anal accurate to tha 

eaareet 0.00la» Actuator «aeea «aa control 1*4 ueleg tha WUR) rear 

ga — rat or eat at O.ewolt«/aln to eroeur» an actuator eyeed of 

0. baa/almit». Load <") ana* load .lna dleylaceaeat (1 ) wmT9 rmtoT4mg 

graphically an an I-T »letter; a typical taet record of loaa - loaa 

Una dlaylaceaent la «hewn la fig. 2.13. Once tha deal red load MM 

obtained, tha eeeclaen wee unloaded ay reversing tha dlrectloe of tha 

raaje gaaarator. Tha rlir gauga aaa r»ea»ed mmd tha aaatteen «aa 

fatigue leaded again until tha crack grew wall aaat Ita »review* 

•aalt la« war lag tha I taat. >•<» length far tha R calculation «aa 

determined by ««naming tha crack »lane la tha -H* 3*H «canning 

alartroa eacreereee Tha terminal lea llaa ef tha »r« »at igwa crach 

front we« clearly a« I aaat «a eeea la fig. 2.1* Thla crack length aaa 

aaa«»rod at laa> Intervale acroaa tha tbiebaaee ualng tha JaW 1S~I 

at ago aiereaeter« Tha read! age wara averaged ta glaa a far Igwa creek 

leegta which wa« than aaMed ta tha wirh langt* t« ecedwc« a t»t« 

crack leagth ta tha aaara»r 0.01a»» | aalaaa wara calculated «atea rha 

aaTTM  «lander«   «m  farajala 

I -  PffU/V) (»   H 

•ii/1 
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-h«r« r la load. • Is thick.*»»«, W la width aadi f(s/W> la • polyooejlal 

function o a/W who»« «aluaa ara tabulated la tha AfTM standard. I~ t, 

than tha value of equation 2.) abtat nod ualng tUa load f ,t thm 

Intercept of tha luad - load Una dlaalacaajant trace and) a UM 

coo«truetea o« tha tree« having *M of tha alas« of tha llnaar sort 1M 

of the trut Detalla of tha procedure ara »sac if tad Is tha AJTW 

atandard  tW. 

2.1.2    JU  Taatli 

Tha suet! la rracture toughneae, Jfc> „.» «starmlnadl with aultlsls 

:t tenet >n apectMna ualng tha procedure developed by Clarke at 

al., (l»7§) sad) Clsrfcs isi Landes (1«7*). Although not yet adopt«d 

forsjallf a« as ASTN ttandard. this procedure haa hss« widely used to 

deternlne tha aslua of tha J lntagral at tha ooeet of stshls crack 

growth. Briefly. J ta calculated far each sparlaan fro» as 

rrlaanta)   load)   asrsus   load!   Us«   dla^lacaaont   curve   hy   tha   foroula 

1««   2Ay (2..) 

*"rm *r Is tha totsl «roe wider tha cur »a. I Is tha thickness, h I« 

tha raasslslng llgaoent <¥-«), sad (l+«)/( !•«.') Is s htactloa of a/« 

whoee «a lea la tabular ad* hy Clarka and tändle« (If 7«» for t-»a a/« rang. 

0.*S - O.fO. Ttas sMeat of crack mmfmmlom, mm, IM tha pra fatigue 

crack length a, ara aaaaurad hy as—la tag tha fracture ewrfece aftat 

tha «soclaon la pull ad apart Valuaa of J ar« plotted agalnat as for 

• t laaat four «peclaens mm* a laaat seuarss Has Is drawn Tha 

t star «act to«  of   tha   laaat   sauerss   UM  an«  a  blunting   11M  ft MO  hy 



( 

J   "   2«y4a (!.») 

la   tkwi  tali«« aa  th«   walua  »f   Jq  .   Th«  «clue  Jq    la  considered  a  ««114 

JIc  If   U    ajMta cartala crttarla    that   Halt   th«    allowable   «a» »at   •( 

crack  a«ta««lo«.   4 echaaatlc  of   th«  procedure   la  ahova   1«  fig.   2.14. 

Speclnana and aanerlaamtal ennaretue for J ceetlog «er« the a««« 

aa thea« described for K teat lag la aactto« 2.1.1. CracL frost «arklag 

by fetlgu« bafora ana1 after th* J t«at proved to a» effective la 

determining th« position« of the crack front. Theee poetttone ««re 

aoawtlaaa difficult to «etabllah la alloy MT becaue« th« fatigue 

•Kroner hen I.« of  crack  aataaalo«  la t^ controlled     <t*Wde.      I9«l) 

(hue     alallar     1«    appearance     to     th«     «onotoair   alrrowrtunl•%> 

iv«r,     all   other   alloys     shoved   a  claar     change   la  appearance     (a«« 

fig.   2.14),   «eking  accurate   aeasurenent   of   a  ana   4a  straight forward 

5o«ja data points ««ad to dot «rain« th« linear «auatloe. of J 

versus 4a fall out aid« th« «inlnun or atilsua allosiahla crack 

aataaalo« accordlag to Clark« and Land«« (1979). VI th reepect t« 

ainisus «itmtun, It ««a fait that any t«at «1th a «aasurskl« «an ist 

«f nonotonlc crack aataaalo« aa> th« fr«ct«r« aurfac« ah««Id ha 

Included. Tha «aataju« allowable «atsaston saa— aoaarwhat arbitrary 

sine« It effectively Units a« to leaa than ahowt 1-Savj. T« r«d)«c« the 

easaber of t««t« required to oktaln a J-ke Una.. this r««uir«««nt wsa 

r«U««d to 4aa>2.)aa la thla «tudy The l«t««tio« that th« procedure 

•Id not be «ai to ch«r«ct«rla« the rttlittac« cur»« for large 

it«  of   creek   «st«naIon  «we   «till   eat 1»fled. 

4) 



2.4    Plaatlc Sic«   Hanauraaant 

Various possibla aathods of crack tip plaatlc son« alaa 

M*tu[iMnt Mara dlscussad la »action 1.).). DIM ta lta applicability 

to  plans     atrata  aaaa     aaasuraaant   and     lta   annal 11 »l t y ,      tha   alactroa 

tiling   pat tarn  asthod  «aa   uaad   la  thla   study 

1.4.1     llactraa ChaaaalUaa  Pattarna   (ECP) 

I 

Clactron rhannalllng pattern« caa «a obtained under special 

lit ions using a scanning alactroa aicroecoe« (.MM). The requisite 

contrast arlaaa fro« a« aaaaaloua absorption affact, la which cha 

•lactron lntanalty of tha prtaery baaa aa a fuactloa of depth lato tha 

ryatal «arlea with cryetallographlr orientation (Hirsch, Now I a and 

whelaa, lt*2; booker at al-, lta/). This aechaalsa caa thus produce 

aultabla coatraat whenever thara la a change la trysts!lographl* 

or(antat ion relative to rhe baaa- These changaa la -ryeta 1lographle 

or taut at Ion can aa obtained by rocking tha alactroa baaa about a point 

oa tha aaaciaaa earface. la a two scan call MM, tha rocking condition 

la obtained by evitchlng off tha laaar aat of «can call« located at 

point   I  la  tha   ray   dlagraa of   vlg.   2.1).   TKia   slngla   deflection  of   tha 

la ceaeod by tha acan call at point A. Tha at rangth of tha aacoad 

raaar laaa la ad)uat«d aa that It focwaaa tha alactroa haaa aa tha 

fraat focal plan« af tha objective laaa (• ta fig. I.IS)« Tha 

objective laaa focal langth la aat »a that tha taaga of tha object 

located at tha rocking call la focuaad aa tha aaaciaaa. Caaeeqoaai1y. 

hy   varytaa  tha  rocking call  currant,   tha   parallel  alactraa haaa caa ha 

ta  rack  about   a give«  point   aa  tha  aaaciaaa  aarfaca.   la  fact,   tha 

fk hy   varytaa   tha   roc 

aaaa  ta  rack  about 



point baa a flnlt« area UCWH the Inhärent eaherlcal aberration of 

th« objective Inn« (hewbury, 1*71) CIUMI rays thnt are at different 

dietencaa fron> the apt*, «it* to focue at different point« «Ion« th« 

aala. Thta phenomenon craataa a (ilac of l«aat confusion on th« 

apednen aurfer« of radius Ar (ehawm la fig- 2.1) (Longhu-st, If*/, 

p.M7))  glean  by   (Thornton,   1HI,   ag.M)  aa 

Ar  - C.,' <!.•> 

'•>••• ' « I« th« apharlcal «hariatlon coefficient of th« l«na ami $ »a 

th« angle that a ray «a««« with tha optic aala. Sine« • # ln(It#M, 

with lncr«««lng diet an.« froa) tha objective Una, th« «It« of th« «pot 

on tha epeclaen aurface la a function of th« working diet«ace and th« 

ta|li of acan- Th« volume of «at «rial .Milch produces th« channelling 

pattern depend« on th« apot alt«, th« accelerating voltage of th« 

electron ha«« and th« atoalc number of th« «atertal Since th« quality 

of th« resulting ECf «•pen«'« on th« perfection of th« cryatal latttca, 

th« ICF offer« a no« deatruet I ve method of obtaining Information about 

th« defect denatty of a cryatat (Davidaon, INI). Unfortunately, th« 

lmen-electro« Interaction and th« way thle interaction varlee with 

voltage amd defect characteristics ara -*ot yet fully iMsatitoo«. 

Th« concept of a model relating changes la tXf to defect typ« ead 

llty haa recently been reviewed by Davidson (Itäl) however, 

»It« th« theoretical difficulties la treating th« effect ef 

individual defects «a «X»«, channelling patterns haw« haea ehow. to 

provide algalricaat Information oa tha aearaga nuaher of defects 1« 

tha volume of «atertal «ampUd by tha be a« «a a reault, datartorat Ion 

ef tCfe can be ahown earnertamacall* to depend «a dlalocatloa eeaelty, 

• fact  which    eaablee  Kfa  ta    ha weed  ta    aep  plastic   eevjee     «t   crack 



( 

ttpe. Qevtdsoo (lf/4) o»ed « tapered ttMlU I»ICIIH to obtain • 

MflM of .altbrat ton BC*a (or Uem «sloes of atrala. Na then 

cowaared eaperlaantal ECPs fraa a crock tip ragloa Co the calibration 

•Co   and   plot tad   atraln  coot oura   around   th«  crock   tip. 

Mace (1977) slallarly classified aaterlol ot apoclflc locallona 

around :ht crock tip oo deforaad or uadeforaad, tola technique 

raoulrad conatant owltrhlag of the aicroecope coadttloeo- However. th« 

resulting locua of polrta cooaldarad to ko costprleed of deforaed 

aaterlol allowed hlo to construct the lint rerreaeattag tkjo 

eloottc-pleotlc laterface. Tkjo objective of th« uo« of KP« In th« 

pr«««nt work wo« to «tttraln« th« «loot 1c-«loot ic latorfoco «round th« 

crack tip (and thus th« pleat 1c ton« atf«) by a aathod that waa 

accurate,   repeatabi«   aadl   reasoaakly   rapid. 

2.4.2    taeerlaaatal   Tachatgwa 

The aicroacope used ta aap plaattc toao« was a JSOt 100C electron 

alcroocop« with aa M-AlID-of) sea in In« attschewnt operating at lOOkV 

accelerating voltage. Coaatct taaaloa oaaclaaaa (CTS) ware taatod aa 

eeecrlbed ta ooctloa 2.1.1. however, th« spec loam wara laoaad to a 

predeteralned value af I which was calculated ta be leas than that 

«kick would caaas crack astaaaloa. Following tka taat, the <rack tip 

region aadl surroundIn« aaterlal ware cat froa tka CT oeaclaen by spars 

erosion Special cara waa taken thro^gt-out tka preparation far plaattc 

saase aa««ur«aw«' ta arvcladkt aoMlttooal load I a« ta th« plan« 

perpendicular ta th« crack. Tha kalk aaaclaan holder aa tka MOL 100C 

Ualta tha spaclaan dlawaetoa* ta «aaroslaately ha I hs I lfce». This 

:laan   sise  waa  «at aload   by     ft rot   spark   «rodlag   ta  slightly     larger 



( 

dlMniloii   aad   (iMn   grinding   to   flaal   atse   aa  «Mt   «kraal»«   papar. 

•lace .ood tltctioa ch«aMllla| peti«rn quality daaead« em ktitq 

• flat, pollahed awrfaca, the ehott treaeveree plan« that correepoaaed 

to ».aa aldplane «( the caaaact taaataa aaaclaaa aaa a»ch«ntc«ll» 

poltahed   «ad     oloetr;pollahed   oalog     ta«   aachod     described   la     «action 

W«1IM« of applied K «ad J for thee« pl««tlr IOM also ep«ctaeo« 

•or« caUule'ed uelng oouatloa« (2.5) «ad (f.4). Crack length 

•Mturtatnr wee not «a accurate aa for fracture towghoeoa eaaclaaae 

aaceuae th« aiaa polet crack profile aathod uelng the SM oa taa 

fracture awrfaca could aat be ueed - laai««d, taa electraaa 11ohed 

aid pliot crack length «aa aaaeurad with a travelling alcroecope «ad 

taa raault averaged with taa awrfaca crack langt"- aithaadja aat aa 

precla« a eat hod. taa fuactloaa of a/V la aaaattoaa (2.)) aad (2.a) do 

aat   etroagly  depend  oa crack   length 

Taa pleattc ion« »peclaena «Mr« than held la a apodal )tg built 

ta fit la taa HOL 100C kalk aaaclaaa holder aad laaarted lato taa 

alcroecope. A noraal eecoadary olactraa taage «aa obtained at 10O0I 

aagaifteattaa Taa prtclee location of the crack tip «aa dateralaad ay 

digital «alt aetera (OVM) attach«« ta taa aaaclaaa traaalatloa oaare 

aad calibrated ualag a lOua copper aaak. Aitkaaa» taa OVMa gave a 

raadout of poettloo accurate ta taa aaaraat alcraa, hacbleah la taa 

aaaclaaa traaalatloa ayatea Halted taa accuracy ta about »>*a. Taa 

eveIttaa af taa elaetlc pleatlc latarface la ralatlaa to taa crack tip 

aaa «et eraI nod aa fallawa: »t a dlataaca aavaral at 11taatere ahead af 

taa crack tip, a olltaeted haaa la rocking aid« aaa oatetead by 

«dieting taa objective laaa currant aa ttet a *laca af daat or a pare 

aaa  at   taa   largeat   oatatnahte   aagattteat ton     Than  aovtag  away  fi 



( 

( 

dwet off »or«, an ICP characterise lc of uedeforaod Mttrltl was 

optlalasd ualag CIM differentiated hack -scattered electron I1|MI with 

10° angle of rock «ad SUM 1 scan ••••4. Since *o ECP has Inherently 

Low contrast, a« taproved pattern could of to« be oat a load by uelng the 

annual laaa control on coodaaaar lanaaa Cl and Cl. Ue to a point. 

decreasing tha »ireagth of Cl gave • larger signal la th« ICP while 

lacreestag ,h* »trangth of C2 brought tha ECP hack lato focue- Tha 

laatrovod signal to oolaa ratio of tills annual laaa control technique 

(•«a a apod quality ICP, frequently with fourth ordar Unas vtetbl« 

An e&aaple la shown la fig. 2.17. If aa acceptable quality KP could 

not ha obtained on undeforeed aeterlel, tha spnclaen was rtauvtd and 

repoltahed. Mill« regaining In channalltng aoee, tha speclaan 

translation hnobe wars adjusted so that tha crack tip was un/ter tha 

according  to    **•  erevlowely   recorded    crark  tin poelttoa    oa  tha 

arrival at the crack tin could he conflraad hy the dlatortad 

lange oa the «lowing screen. Than, uelng the crack tie ea the origin 

ef a coordinate syetea haaed upon the DVM readout«, the speclaan wea 

traversed, no»104 tUe c< ick tin away fron the bean imtll the ICP 

returned to tha quell.« characteristic of ualeforeed enterlal The 

haaa waa than seemed »tveral tlaea acroaa the tranai. Ion region eat 11 

the position ef the alaatlc-plestlc Interface was e-tab 11 shed OWN 

reading* ef this position ware recorded aad the procedur« repeated at 

another peeltIon along Che pleatlc «owe boundary Eventually the 

•raft la  ef   the crack   tip could  ha  conetrutted  ea  nan»   la  fig     2. It. 
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2.4.1     «aaattlTlty,   laaroduclbllUy   aad  Accuracy 

( 

Throa M)or coararna a «out tat ICP tarhnlq.ua for alaatU MM 

atiiurtainti war« aaaaltlvlty to plaatlc at rain, raprodurlot 1 Ity of 

atiiuTiMnii aad accuracy of plaat lc IOM dlaaulo«« Sloe« tha 

location of to« plaatlc IOM bouadary dap«ad«d upon • eub)*ctl»a 

daclsloo »aood oa vlolblo datarloratloo In ICP Quality. It MM foil 

that a a»'hod of quantifying tha aiolaua plaatlr atrala aatactabla an 

aaadao1. Tharafora, a aoriea of thro« aouoaflald toaaila «atclatni of 

alloy Ml aara pullad to lOt, 1.01 aad 0.2X plastic atrala. 

raapact I voly. Saaclaaaa «aar« praaarad froai thaa» so that ICP 

coadttloaa could ha aatabllshad oa tha daforaatlo fraa shoulder of 

tha spaclaan «ad tha spoclaan tha« travaraad until tha saua« laaa,th 

waa uadar tha haaa. Tha ICP oa the 101 alaotlc atrala saaclsjaa was 

alaoet coaalstely loot «aoa a»via« to tha ««"•• leagth. Por tha 1.01 

plaatlr atrala spaclaan. treveralag to tha $*<*f laaglh causad 

detectable loaa of channelling pattern quality. Bow» »er. tharo MO a ao 

«•11 daftaad change to ICP quality for tha 0.21 plaatlr atrala 

spec lam. 0a tha heats of thaaa reeu.ts, It waa eatoralaad that tha 

aathod far alaat lc «oa« aaasureaeats waa capable af detecting plaatlr 

atralaa af at ieaet l.Of. Th* plaatlc IOM «spa thaa «su*rlaaetelly 

aaaaurad ara aara correctly I.01 alaatlc strata coat oura than prof Has 

af to« era« alaatlc-»lastic latarfaca. Thla aathod rallaa aa tha 

ability af tha huaaa ay« to aaaaaa oversII "XP quality, ta lac lud» 

loaa af higher order llaaa aad broadening of laaJar order llaae aa a 

continuous haato- Vtth caaaldersble practice, this aathod hacaaw 

qwlrber aad aara rallahla thaa athar aethods af quantifying chsagjaa la 

ICP quality,   auch m  tha width af   lauer  order   llaaa •€  tha   ladestng «f 



c 

tke   hlgheat   order   line«   vlatkle   (Ptlac«,   1911,   Oa video«.   1979). 

DM Mcoad MJOI concern about tke technique we« reproduclbl 111». 

Old this lubldtut eat hod of Identifying pleetlcelly eefareod 

•«(•rial give clM BOOM reeult for repeat attturtatAti' utM way of 

checking this eurleg a »tngla «lcroecope ••••to« wee Co rocurn to a 

prevloualy aeoaured »act ton of plaatlc rone boundery eed to repeat the 

»Kiuttatni Although th# reading« i»o tha OVHa tMra not ueually 

eseccly tke «e*e, the reeult» were cooalatant to within about *2Sua. 

This aaata reproduclbl111y wee verified by reaeeaurtag a plaatlc soo* 

aftar »a «ere I day«. Another eethod ueed wee to repollsh a pleettc «one 

•par I «an Tel» »u af fact rmw< a aorfaca layer of eeverel hood r ad 

alrrona aod revealed a «lightly different plaatlc loo* Although tha 

«atalia of tha reaeeaured torn» Mara aot eaertly the aaaw «a before, 

tea overall »kape aod dleonelooe were reproduct »la. Tfcue tke 

repeatablllty of eeaeureeeuta «aa good, both aa a particular plaatlc 

too«   aod   after   rapollahlng. 

accuracy af the ICP eethod for aeeaureewnt of plaatlc Beate 

dlean«ton« depend». In part, oa tea atae af tee »pot the beee •»*,»» a* 

It rock» on tee »paclean surface. The JVH. 100C la ae aitraeely good 

edcroecope la tkta regard becauaa of tke aeon working dlataoca aaal 

•eell apKartcal akerratloe coefficient of lea objective lea» (aea 

eeuatloe (2.i)). Prleca (1*77), uetog a Cambridge S* 10 Btereieca». 

eeaaurad hi« »pot at»« by eicrue*tar aoettored epecleen dlapiacaeent 

required far tke ckaeee111eg pet tarn to coaa>letely croea a grain 

boundary, tke raaultlag »pot atae «aa Z9*a). la the praaant work, tkta 

eethod gave a apec atae af approaleetaly tee micro« dlaeteter 

Additionally, a tkrewgk focue aarlaa efcaaaalltag condition «MM eat tap 

if  aea*    be«lag   10»»    I   iö*s    grid  oeoalaga        le  tke  optleua 
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foe wo condition at a rocking an« la of 10", «MM (rid of«aln| filled ttx 

Km« free edge to edge It MM concluded thai the BCPa 1» tKa 

preeeot work lay within a« area oe tM epecleen eurface of 

approalaately CM alcroae dleaeter, m araa adequately eaell aloca CM 

alloy» e&aalned had a grain alaa of '0 alcroof or larger tecauee of 

the mil apot alaa, the Halting factor on pleat lc toaa alaa 

dlaenalona wee tha error Involved In th« yudgeaent of the quality of 

an iCP ea frcj deforned or uadeforaad Material, ieaed ee Che 

coealderatlone ef reprodoclbli«ty dlacuaaad In the preceding 

paragraph. the pleat Ir tone alaa dleenalona were co'.aldered to he 

accurate   to   •2Swe. 

( I. J    Metallography 

( 

Spec leans     for     optical     natallography     and     claati.      aone       alae 

tureawni   were   prepared   by  vet   grinding  en  elllcoe  carbide     ahrealw 

ir   to  100 grit   followed   hy   pollening  with   traaao.   bua  dlaeond   peate 

end,        finally,        )oa       dleaoad       peate The       epecleen«     were     then 

electropollahed In a aolutloa of bet ethenol, ltt perchloric acid and 

1«: glycerol (Paahley at el., It**), J 'eeuatw electropoltehlng 

occurred la a»out 10 eeceeda uelng a voltage ef « 20V (half wave 

rectified: and a large alwalnlue cathode The aolutloa wee Maintained 

et 0*C by pouring liquid nitrogen lato the beaker, current denalty 

about   O.laae/ce' 

Spec lean«   fer   grain  alaa   deteraiaetloe  were   ewheeeueetly  anodti 

ae  that   the  grain  atructure  wee  revealed   through  creeeed  aolarlsere   la 

the     optical     aicroacope     (Eduarde,      1MI > The     anodlitng     aolutloa 

coetalned   21     fluoroborlr   acid     (MT   )   la    dtatttled  water     with  aaall 

n 



ite of dtaaolved alualnlu* to lacreaee conductivity. Again, a half 

IM*« rectified power touro supplied - MJ wolte at rooa t—atritur« 

uelng a Urge alualnluu cathode • The solution MM constantly agitated 

by a aegnetlc aclrrar. Under theee condltlona. aaodlilog wee coejpleted 

In   about   10  a« coed a       Optical   «aeaUaatloa,      photography   and   grain   at«« 

irtwnii   war«   parforaad   using   a   Zalee   dltraphot    IV   airtoacopt 

2<« fractogrephy 

•MM eurface« iwri iua|Md uelng JIOI JSM IM aao gUL 100C 

•canning electron alcroecopee In a«c ndery electro« lang« noda• Crack 

length a and crack estenaton 6« of fractured conjunct tana lor. latclata« 

ware «aaaurad In the JSM 1SI uelug the aicronattr come rolled an«, lain 

tranalatlon ay a tan Praetor* aurfecee war* «own tad on a MBJB working 

distance «tub ao that tha actual working diataar* waa «anoalaataly 

Mb*»- H*g..lf lcat tona of photograph« at nooatsndard working dletancea 

war« calculated fron a calibration photograph of the ana apart aachlaa 

••cell. 

Tha JSM 141 waa alao used to eettaat* tha araa fraction of a 

fractur* aurfac* covarad by intergranular and tranagranular fracture 

•odea. Thle quant 11at 1»* fraitography waa perforated by a point 

cawatlng ant nod whereby a 42 point grid waa placad oo the «laving 

screen at a acraan nagnlfteat ion «f - 2001. Sine* th« tntergrenular 

fracture «ode predominated. tha pot ate oa the grid which cowered Che 

larger die* lee character letlc af tranagranular duct tie rupture ware 

counted, aad the reawlnl,.« point* attributed ta lntergranular 

fracture. Tha raaulta thua represent a percentag« e~~a cowered by each 

fracture   —da •     Several   f leide     af   «law  ware     counted  aas  •ach     type   of 

U 

. 



< 

( 

alloy, aad Che result* (or that alloy avara«ed Alrfcouf* tfcea« count« 

•ay an provld« aa authoritative atattatlcal alfmlf tcaaca, cfce 

quantitative fractograaKy «la" provlee aa adäquat« coaavarlaoo eat« 

alloy«  of   the   relative  aaouati  of   «wet 11«   ruetur«   fractura  aeee 



r l fur ma   Z. 1   to  2. > 

4a)« I «f cur*«« far «Hay« NT. ML, "*. »• «aal NC, 

Mi|Mctl»«If Error fear* r««r«a«nt 'Ha atandard «««tactao 

for   at   Uaat   ft««   h«ran«aa   raadliga 
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(•) N»41fl«4     «train       |tu|«    iittuoaitir       for    wiiuri, 

dlaaa-tral   41aplac««ant   of   loaatl«   toot   aparli 

(•)  Clip     S«ug«     for     oaaaurln«     lo*4     UM  dtaplocoaoot   of 

cooaact   tanaloo   aooclMra 
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rtgur« 2.7 

Calibration   result*   for   »train   gauge   fiiinioaKtt 
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Tigium   2.« 

Uanotchoi.   i»a»lU   tool   •••claoa.   DlMttaloa*   *r«   la  mm- 

rn»r. 2.t 

•otc*««'   tMoll«   latclMB-     MWUIOM   «r»   In  •»       Value«     of 

notch   root   41aa*t«r   (21)  ar«  »Uo   »hovn 
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ftgura   Z.10 

•rldjavan   aoalyale   for   itrtii   and   «train   dietrlbut loo»   la   Cl 

ainlau*  croaeaactloo  of  a  not chad   tonal la   apoclajon 

'Igor«   2.11 
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t    (IMK lawn     Dlatoiloai   »r*   In   a»- 
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Figur« 2.12 

Calibration curvt far ell» 

lt«pl«e««jBnt of :i«ict tioil 

Co «Murt  lo«4 Ha« 





flaw«   2.13 

Typical   tMt     racord  of     load   ««rau«     lo«4   UM  dlaalacaawat 

for   a  coaaaact   taaaio«   aaocli 

J 





ria»r« 2.U 

Schaaattc  or  »racaawra   for   iIc  tettrmloatlon. 

PI—r«  2.1S 

ray   41«gr«a  for   «lactroa  chaaaalllog  »attara   conditl 
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na»• 2.1» 

Praetor» aurfaca of ceaaect  teaaiee apartaen frea alley 

•howtag crack fraac aaaaa kafero ami  aftar crack  aatanali 

Mrartton of crack propagation la froa kettoa to to». 

riaara   1.17 

llecfroa       ehanaalllng       pattern       typical       of     thoa»     frc 

ueeaforead     aatartal Allay    ML.        tarkarattarao     alartre 

alaaal.   Olffaraatlataa.   »-10? 
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Figur«   2.1« 

Typical   up  of   crack     tip  plastic   soa»  obtained     ay  electrc 

illlaf   pattern   technique 
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Qjaatat   J 

UMIlNUrTAl   MSULTS 

J.l I la   T««t. 

J.l.I tchad   Taaall«   Ta«:a 

TIM co<i««all<Mu! atraaa-atraln charact«rt«t tea at rh* »Hoy» »tr* 

<Wt«rai»«<i fro« tlw load «ar«u« diaajatral dlaplacaajant plot« of th* 

•ouaaflald     typ«     tcnall«     «p*cla«na     •«•crib*«!     In   Sactlo«   7.2.1.     4a 

• ap«rl«j«ntal trac« fro« CMM of th*a* teata oa alloy ML la «faaJaJI In 

fig. 1.1. TW ga**ral «hap« of th« cur»« waa CtM *•*• for all taw 

alloya la that, after yl«ld th« cur»t «a« «ary flat, rlalag only 

allghtly to «IIM load ««for« dacraaalag gradually to final 

fractura. Pro« th««« tracaa, a*gtn««rfag atr««a-«train cu. <*• war« 

4*rl**d. typical plot« for all alloy« ar« «hown In fig. 3.2. Valua* 

for 0.71 yl«ld atraaa a ^ «,1t tatst« atr«aa a» <t«t«r*ln*d fro« th« 

«*gl«*«rlag atr«M-«trala cvrm ar« llat«d la Tabl« 1.1. Maltlpl« 

t««t«  «ajr«   parformad   for  aavch  alloy 

Comparing valu*« of ylald atr«agth fro« Tabl« J.l. tlw t«r«ary 

alloy NT yt«ld*d at 27tM*a. aoaovhat laawr than th« othar alloy« TW 

dlaparaotd coatalalag alloy« ML, Ml aad Mt ha«a «ffactlvaly th« a*a» 

«iald  at  ..ngth    within  an    ««parlaant«!   «rrar     of   •»»«.      11 ley    Ma  la 

• lightly  hlghar  at   MÄaTa-     Valoaa  far   «w f.iu«  th«  a«a»  traad,     l.a. 

11 MfPa   for   NT;    JVJMTa   far  ML,   MM aad  Mt.   aad   JMMP«   far  Ml. 



I 
Tabl«   1.1 

r»   of   Maul t a   -   Unnotchad   T«aall«   Taata 

Ulo? «»<**•>       a«(W«> • k   (Ufa) cM cf     otf   (HP« 

( 

I 

in 0.0*0 17*. 0.0* o.ot 3)2 

1*> 0.0)1 41« 0.12 0.24 417 

M7 0.0)4 420 0.11 0.« 41« 

MO 0.062 471 0.10 0.2* 4*1 

»4 0.0*2 4M 0.12 0.4O 4S2 

Md   fro« 

NT 27» 

M. lit 

m no 

I« 121 

Trwa •trtfi-ttriln cut 

dlaawtral dlaplacaawnt tracaa, with typical plota ahown la fig- 1.1. 

»row thaa* «M. »aluae ahovn la Tabl« 1.1 for trat at rain at 

fractur« c#> trwa atrcss a( fracture cjtf awa* «aalfor« atral« c« (1-a. 

trwa .train at ait lawn, atr.aa o^, „„ <*««!,».«. Tha «aetlllty of 

alloy NT glvwn by th« tna attain at fractur« la quit« low ((«-0.08). 

Alloy« NL, MM aa* Ml have rough I v th« aaaw fractura atrala df«c.27) 

«all« alloy NC aahlblt« th« graataat «wctlltty («f-o.ao). taault« for 

tha uatfor« atrata t( „,«. mtch hlghar la th« dlapcraold coatat«lag 

alloy« than th« Caraary NT. lovtvtr, ao atscaralbl« traaal la «wlaaat 

within tha dlaporaold cotttalnlag alloya, parhapa 4w* to tha difficulty 

la alattagutahleg atrala at th« ultimate atraaa for auch flat 

atraaa-atrain  cur»««       TW   trwa   atraaaa«   at   fractur«   a. 
(f   ahow   th«   aaaw 

variation   m   tha   yield   atraaaaa   dlacueead   aha««,   with   tha  exception   of 

allay  NC  which   fall«   hatwaaa  NN  and  Ml. 

Th«   trwa  atraaa   -   trae     atrala   cwrwae   batwwvn   yl«ld  aaal     epwdawn 

«ax-«lag  war«   fowaat   to   fit   tha  general   flaw  cur»»   eapreaeleti  af 



where   k     la   a     cootiant   and     •   Is     ClM   strata     hardening  «laoaant       To 

determine   the   values   of   thnt   constants   for   «ach   alloy.     »lota   of     log 

°t versus log c for tlaa sort 1 on of taw cur»* )ust »cat yield war« 

constructed aa «mown la fig. 1.4. Valuaa of • fraaj the slop* of thaa« 

»lota aad k fraai the latarca»c at log t-0 art given la Table ).1. 

iaeults     for     k     follow     the     aa**»     pattern     aa   for   au  *ad   reflect   the 

capacity of each alloy for atraln hardening Table 1.1 shown that 

»slues for • mo not »ary widely, ranging froa 0.0*0 for HT to 0.0*2 

for alloya Ml aad MC. Although the variation la alight, * do«a 

tacreaae with lacraaalng amounts of dlspersold, a trend that «merges 

when   the   liaaa  are   »lottad   fraa a  eosnaoo  origin  aa   In   ftg.   1.5. 

1-1-2     hotchad  Tanalie   Taata 

The procedure for determining the variation in alloy fracture 

strain in reepone« to changes In the straas state of notched tensile 

saarlaans   «as     discussed   In    Sactloa   2.2.2.     The     stress   state     ta  the 

:tmen  gauge   length  «aa   »arlad   by   aalag  different   notch   root   radii   I 

m shown la fig. 2.10. ftg. 1.» show« the res poo ae of the load «an 

dlaaatrs! displacement trace to chaagas la I for alloy M. As 

s«»actad, whan I decreases, the fracture atraln decreases aad the 

atraln hardening rate lacraaaas das* to tacraaaad conetralnt. Hjultlple 

taats aar* performed far aach aatertal aad value of aatch eevarlty, 

•ami   results   ar*   »reseated   la   terms   of   the   effective   »lastir   strata     ta 

fracture     tf     sjsmjenj     e**m*M     trlasiallty   aaVo  from as).      (2.4).     Tmaae 

result».   dla»layad   In   flg.   J.7  ami  Table   1.2.   show   that   allay  NT  haw  a 

u 



«•ry Lot» fracture strata at «11 itrn« trl««i«) i t Is* toatsd Tw 

fractsr« strslns of alleys NL «ad Wt, though progrssslwsl7 highar ara 

HOC itriM« fuoction* of o^g. Ajioya «I «w) * both shot. • «or» 

srasiasiad socrsaa« || cf at hlfh ,tr-M trlaalalltiaa, alloy IC 

actual 1*     btcoMi     «lightly      !•••     duct 11«     than     «HOT  Ml   «jndor   tit«** 

Table   3.2 

r»  of   Notched  Ttull«  Tost   MIUUI 

Al lor 

I 

I 

Strass Noon 
Trlsxlaltty Froctur»   Strain 

(0./») ~rt 

1.14 0.01« 
1.32 0.012 
1.41 0.011 

1.1« 0.114 
1.32 0. lOt 
um 0.04* 

l.i* 0.134 
1.32 0.122 
l.ftl 0.0*7 

1.14 0.2O* 
1.32 0.200 
l.ftl 0.13« 

1.1» 0.22» 
1.32 0.224 
l.ftl 0.1)0 



1.2     fractura  Tom»—a  Taati 

< 

, 

( 

Sactloa 2.1 haa M(1ID»4 tha aathod far wiiurMtnr of tha 

critical fractura r«raaa>c«r» I aad J for tha oaaat of crack aatanaloa 

aalat eoaoart taaaloa aaaclaana. Although It «aa original IT Intaadad 

ca taat all CT aaaclaana at praclaaly tha aaaa» «alua of a/a1, thla als 

«aa found to t» axpartaantally laaractlcal a»a to «acartalatlaa cauaad 

by curvatur« of tha fattgua crack froat. tha optical aathoal of crack 

laagth aaaauraaant aad tha load ahaddlng tachala.ua for growing tha 

crack. Tharafora, aaan though tha daalrad »alua of a/W of 0.J' MM not 

alwaya achlavad, tha crack langth for aaat aaaclaana fall atthln tha 

kITN t3** ataaaard raaga for a/V of 0.4) to 0.5). Typical load varaua 

load Una dtaalacaaant tracaa for all tha alloya at aaaroalaataly tha 

aaaa «alua of a/U ara ahovn la fig. l.t. Daa to tha gaoaatry of tha 

aaaclaana   and   tha     aathod  of   taaclag,     le     uaa   noaalbla   to     aaaaura   C_ 

according to tha 4fTH lit* standard aad Jlc according to tha aathod of 

Clarka aad l.aadaa (l*7*) for aach aaaclaan, uatag tha aaaa load wmrmam 

load   Una   dlaalacaaatat   traca- 

J.2.1     PLaaa   Strata  Fractura   Toagjhnaaa   (KIcj 

*Q far aach caanact taaaloa aaaclaan aaa calcalatad aafag tha 

l**4 fq glaao by tha »M 9lopm aacant Una coaatructloa of ASTM IW 

ataadard. Taaaa «alum of k^ 4i4 „( ,*.iify m aal Id «alaaa af «le 

daa     ta    tha    aacaaataa    alaatlclty    at     tha  crack   tip;     hath  validity 

crttarla   of   t. 
HI/»Q    <  1.10 aad    I  »  2.)    <«0/oy)' violated        Tha 

latn   atrangfh     ratio  glaan     ta  tha     AtTN  ataaaard     aa  a 

ralatlaa     toaannaaa     far     non-vaUd     E. 

ra  af 

far 



< 

aovaral      rtiioni        I«     aanv     coooa,      iftctwM     war»     not   taotod   int I I 

•*•!   mWt  *  •»*   •  tn*»  'a.« wm*   not   tl<«ri  aaollablo.     Also.   «km 

Prtnca     (1977)     calculate     tho     «pacloan     atrangth     ratio   for   alollar 

• HOT«   ha   foond   that   tha     raault«   414   not   glao  a     raallatlc    .onoarlaa») 

it   tougttnaaa.    Bacaua«   tha   spar loan   atrangth   ratio   la   aalaly   a   function 

>f      tha     aailoua     load     auatafnao'     and   tha   «par lawn   aaooatry,      result» 

raflact   a     quantity   oooaurad     aftar   coaaldarabla     crack   ostanaloo     oa» 

alraady   hooa   x-currad.     Slnca   tha   «la  of   tha   praaant   atudy   la   to   focua 

oo  aataawtara   for   tha  oooot     of   crack   ostonoloa.     It   uoa   fait     that   *~ 

pro vt dad   tha     boat   available     cooaarattap   towgjttnoaa     poraaatar   arising 

froa  tho   pinna   atrala   fractura   tougttnaaa   toota- 

TW raaultlng Kq for Mcn 4nOT la ehoam In Tabla 1.1. Slaca IQ 

coo vary olth crack langth, valuaa of Tahla 1.) ropraaant aa avaraga 

of at laaat four taata of apnrlaana la tho a/t» roogw 0.5) to O.M. 

Error   fguraa   rapraaant    tho   atanoard   arror        Tha   (rand   la   cloarly     on*) 

of   lnrraaalng   «,)  aa   tha   —niajl   of   Mood   aonganaaa   locroaooo,     »tth   tho 

n—irclal   parity   alloy   (MC)   alight ly   loaa   than  I«. 

( 

Tabla   3.3 

*Q  Valuaa 

Alloy *0(Wf«»») 

29.2 to. 4 

1».« tO. 3 

».ft »0. 3 

43.« to.* 

«1.2 tl.O 

•1 



I 
J.2.2    Owctlla  rractura  To^tot»!   (JIc) 

( 

Although     Kq     fr(M     tn#     ?Unt     atrala     fracture     toughnaae   raate 

»rovldaa   •  tougnoeee   ranking  of     tha  alloye.      It»   failure   to  a»«t     tha 

valid     Ktc     raaulr»a»nta     Mkn     It     quaetlonakle     aa     a     quantifiable 

trtrturt     criterion.     TW    ductile     fracture     tough .tee a     glvwn     ay tha 

J-latagral     at     Indolent     crack     growth    ««a     thua  aaaeured  ualag tha 

procedure developed by tha *STK Taak Crew» B2e.01.0f; CM 

alaatte-alaattr   fracture   (Clarka  at   al..   Iff). 

Tyalcal     load     »    «triui     load     tin»     dt eelaceajeat   \t  tracaa for 

oa«p«> t   -anaion   eoerlaena   of   all   tha  alloye  ere   ahoww   la  fig.   l.t. For 

each  tm»t,     tha  era«  Ay ^^     deteralead  ay  count In«  tha  eauaree     uajalar 

tha rurw, «ad J «aa calculated froa eeuatto« (2.a), «aacrlbad la 

Section 2.1.2. Thla enabled J to k plot tad egalnot tha eaount of 

crack eateoatoa im for each eperlaen. tn»e» reeulte ara ehoara la fig. 

l.t. Th» raalataaca to crack e*t»naloo Uaa «aa tha« calculated by tha 

linear regreealon eaalyale of rhaaa data point a J. -aB «ataralnod 

froa tha tataraactloa of tha raalataaca ltaa aad tha blunting Una, 

e*d tha taarlag aadulue T wee calculated fro» equation (I.*)) uatng 

tha   aloe«  of   tha   raalataaca     Ha«  dJ/da-     Tha   raaultlag   raluaa   of     eW 



and T mrm  given la Tibl« 3.4. 

Tiki« 1.4 

try  of   ivirtii«   fractcre  t aaaa   result•• 

ley Jlc("'a«) dJ/daCe/s»') T 

11.2 1.» 1*1 

l*.J .M Li 

M.l Mi M 

10.2 2t. 11 i*.* 

2i.i 11. • 7.1 

< 

Theee reeulta for Jlc rmt\mct tlM «MM aaalc trend aa (Q and cf 

at high trtaalaltty itrtu atatee, I.e. MTOtLOftOtCO«. The treede la 

dJ/da and T are atallar except that alloy MT la »light I» larger then 

alloy ML. Tola la probably a coeeegueece of the lack of data points 

for J la alloy MT at Aa leaa than lea- Tata difficulty la obtaining 

eaall     voleea    of    crack    eateeatoa     1«    alloy    MT  la  Indicated  by  the 

typical »«to. trace of this eeterlal to fig. !.•. At aaalaaa load, 

eedden era.« eateaelea occurred eo autckly aloag the eotlre crack 

front that 1 proeeJ tapeeatble to unload the spec lean rapidly •eoaga 

to oktale  '  crack  eateaaloa   leea   than  about   lea 

Mlth the other alloy« Initial crack eateaaloa occurred oa the 

atd-eleee. gteteg a thue» nal1 sppearaar*. The ehepe of the crack 

fraat before aod after crock eateaaloa could ha obtained frea MN 

aaaaureaaata ef a aad aa at ealttpla pelata threagh the thlchaaea of 

the eperteea. although the detalla »f the fracture earfece age« 

all I     be     deacrlhed     la    Sect lea     1.),     the     crack   fraat   ehaaa «111 

• 3 



( 

considered  her«.     Por     :o^«rifoo,     flg.     1.10 ehe»       the  crack     froat 

prof I 1««   for    T   IHCIMU   if   WT,     "X.  and  HH.      Although   local If      )«gg*« 

aa*     dlicottlMMi,     the     eaten***     crack     froat     for     alloy    NT     fig 

1.10(a))     la     roughly     coaataat     across     the     »lath     of     th*   »pec teen 

I iMm,     the crack   froat»   for  alloy« NL tai  «  (fig. 1.10(h)  aa*     (c). 

respectively) aha« aa lacroaalag teetaeacy for greater eatan«to* la the 

plane-at rain region of the aid-»lane and leaa eat «na loo la the 

olaneatreea rogtoa near the earface«. The«a result« inggatr that 

lacreaaing the aaagaaa«« root eat of the alloy« ceueea aa lacreaae la 

the constraint require« for the crack to «stand Thl« finding 1« alao 

coa«l«t«nt with the relatively high vale* of T la I «hie J.« for alloy 

P*T eher«   T  represent«   the   resistsace   to  uaatable   crack   growth- 

1 
1 • -    Plastic  lomm  Sis«      aauraaaat 

The aapefng of crack tig plastic IOMI baaed oa electron 

rlttag pattern» oaa perforaod a« describe*) la tactlaa 2.4.2. 

Figure 1.11 Is aa eaassala of the rraultlng plot of plaetlc tonea for 

•pectaen« of alloy ML at several »slue« of K. A line drawn through 

theee point a then describe« the profile la the ST plena of the crack 

tig glaatlc   cone 

Oaa advantage of the KP oat hod is chat the glaatlc aaa* at eay 

east red location through the thickness of the egaclaaa can he eapped 

The«. by sectioning a sgeclaan at aagroalaately 2.)sni Intervals aas) 

plotting the glaatlc tone of thoea aectloaa, a graphical 

representation af the thro* dlaoaeto*a) pleatIc «oaa caa ha obtained. 

This procedure «aa ggsaa ** • ee*claan of allay PJL, with the resulting 

plastic   tone«   at   paints   through   the   thickness   aha**   la  fig.   1.12.   This 



I 
particular aperiaen wee loede« to produce a K at le.ttftey«. T>»a llaaa 

a* to tha plaatlc IOM rnpreeeat eha -rack length at aach Interval 

through tha rhlckneaa. The plaaa of tha paper reprewata tha crack 

plaaa, and tha plaatlc tooti ara ahown rotated throug». *Oo with 

reopect ta tha plaaa la ahlch they aara actually aaaeured- Ft) 1« 

cloaaat to tha aid-plane aad 1* tha aawlleat, aa waul*' ha eapected 

from tha thaoratlcal dog-hoe* ahepe of tha alaatlc IOM (aa* fig. 

l.i). Tha alta of tha plaatlc tone lacraaaaa aa tha dtataace froai tha 

eld-plan* lacraaaaa. However, tta ahaaa changaa fro« aa alaaat 

circular arc ta ft) to a prof 1 la with aara pronounced lahaa at aa 

at.gl* to tha crack plaaa la PI« 2, * end 1. Thla proflla la net 

caaalataat with tha predicted change la ehepe of fig. 1.7, which 

tudtcatee aara proeowaced lohe« ta plaaa at rate. Alee, the distance 

free) the crack tip te the eleetlc -plaatlc teterfece perpendicular to 

the crack plaaa. ry .how. . larger lacreeee thaa ao*« the dtataace 

«tractly   ah* ad  of   the  creek   tip,   r,. 

•tgur* |»'.l ahawe aa latereatlag eepect of the crack tip regloa; 

alcrocracka that have opened a» ahead of the aata crack tip when the 

aped a* n aae leaded to a I yeet leaa thaa tkit required for creek 

enteaelon. Theae «dcrocrecks, frequently oheerved aa plaatlc aaaa ala* 

aperteena. followed grain heuadarlea ta tha plaatlc aaaa (fig. 

J.IJ(a)). la fig- I*»1(h), tha dloplee cheractertat1c of the 

tecergraeular   dactlle   rupture  adcrewjachaeleaje  are  evident 

Ta evaluate the aaaaar la ahlch plaatlc aaaa) at a* verlea with 

applied atreea Intensity, CT aperlaena of aach aaterl«) aara laadea te 

ehtata dlffereet aalaae of «• Thla procedure ralaad the eaeettoa ml 

whet dtejeaeiea of tha plaatlc aoae ehowl« ha aaad fer eeajparteaa. The 

aaln  paaelhllltlee,   ahown   la  fig.   1.1*.  aara:   area  ef   the  plaatlc  aaaa 



( 

forward of tiM crack tl»; aa avara«a of th» two alatancaa ty Miturtd 

»aroanalrular to tka crock »laaa to tk« «laat tc-»la«t U kaaaaarlaa 

akovo ana »alow tka crack tl»; tk« «tataac« rg »»«aurao1 at imi 

pr*4«t«rnlrvad an«la 4 to tk« crack tl»; tka nail nun aat*at of tka 

»Uattc ton« alt« rM]|. ,r ttM ilatanc» n aaaauraa «tractlv In front 

of tka crack tl» (•-»»). Slaca tka •MM*' »laatlc «ana a »or a of ton 

aaraawtrtr wltk raanact ta tka crack »Una, aaaitlonal aatklgultv 

»owld ha»a kaaa introduce« ky uala« rf> r# ol rh# »u.tlc ton« araa. 

la aaattton, tka aajortty of tka aattaa'aa of crack tl» »laatlc ton« 

• Ite «Iran la Sactloa 1.2.2 war« for a «lataace «Irnctly akaarf of tka 

crack tl». Tkarafora. r% „., ckoaan aa tka »laattc too« <ll«analoa to 

•a  uaa«   for   cowanrlaon   ana  will   ka   raferra«   to  aa   r 

la «aneral.   tka  ««uatloaa   for  eatlamtla«  rp  fro« Cka»ter   1  can  ka 

wrlttaa  la tka  for« 

(1.2) 

c 
ira a la tka earlowaly «ortve« eoaetaat of ,>ro»orttonality. For 

»la, a-0.007 fro« equation (1.11) (tlca «aa koaanajran . »•*•> for 

a aararlal »lth a atrala Hereeafn« naaeaeat »-0.05. «aault« for 

»laatlr aaa« alaa an«aurenn at «a ln«l*l«wel »aerlaena ara tabulated la 

Takla 1.) alon« wtth other lafaraatlaa, «ack aa anvlled) I aa* J. Tkaa« 

raaulta ara alao nreeente« «ranklcally la fl«. I.I) aa a »lor af r 

*mr**m (17a,)*- "wr rafaranca. tka lino »ka*» ra»raaaata «-0.0J2, 

ara«l<-te« fro« tka eaalyeta af lira awe Jikaaaa (1*70). ff««aral 

tiinti «a« ka «a«a reaardtn« ft«, l.lli flrat, althiafk rkara ta 

conoloarakla a»ree« la tka «ata, ee»ectally at hl«k»r I, tka roaulta 

reaeonehly    r«a«tataat    vtck    ckaaa    af    tlca maä   Jakaaia  (1*70). 



t 

Mo*>«v«r,     th«   valttaa   far   r to fall lato two •••«rat« grouping« 

»•r r P !••• than loo«« tlM «aluaa »rn   tightly Ahava     100». 

»»la««   for   r     -ho%     %om0   «tat live t loo   b«tw««a   alloy«.      Tfcaaa     grouping« 

»at a traaaltto« la th« plastic coo* alsa raapaaaa t« I it rp . 

t00«a. Tafcla 2.2 laaHcataa that tw grain «tea of tha «taawraala 

containing alloya la «lightly aaallar than lOOwa. Ttkaa th« apparent 

flvaraaoca la to«« alto «ay «all corraapoo«' to th« alaatlc-plaet1c 

boundary ao loagar ha tag contained by th« atatlatleally a«ar«#«4 fir»« 

grain   aloag   th«   crack   front. 

Tabl»    l.s 

( 
•aaulta of Plaatlc Zoo« Slae t*»aaur»a»nt • 

Alloy   Saacl Applla«   Applied      9j 

r  I (K».fV l   (»/•»>   mPm)       tSy'Va») 

279 
2 
I 
44 

12.1 
It.2 
29.9 ft.9 

25 

3 
21 

12.1 
IS.4 
29.• 
11.0 
94.9 

7.1 
10.9 
10.9 

ftl 
42 
9« 

11.7 
90.« 
99.1 

l.ft 
9.7 
20.) 

ü 
if 

12.9 
19.0 
29.• 
99.9 
42.2 

9.0 
19.1 
27.ft 

I 12.4 
M.l 
41.4 

14.9 
17.9 
29.0 

11« 

110 

12) 

•U) f 

1.99 
4.2ft 
9.19 

19 
90 
99 

1.49 
1.19 
ft. 99 
9.90 
11.9 

29 
91 
97 

120 
199 

Ml 
9.94 
lft.1 

90 
219 
490 

1.99 
S.lt 
9.91 
12.1 
17.1 

9? 
4] 

1S9 
M9 

11.0 
11.9 
19.9 

199 
190 



To Investigate th, relative plaatlc IOM all« he t ween th« «Hoy« 

°* r. > tOOv«, th* baat fit Ha« for r. eareue (A7ay)' F*"1"« «kroagh 

the origin for «ach alloy la ehova 1M fig. ).1A. (Alloy ATT la aot 

ehow*  WC<MM   lia     low  toughness   eaant     that   crock  eaten«Ion     occurred 

hafor« a Urgo enough K to gle« r^ >i0Ou« could ho apallad.) T>ia slot* 

of «ach 11M to fig. 1.1* gives th« »alu« of t froaj equation (1.1) for 

«aeh aateria! Per th« high purity. MB containing alloy« ML. Ml ««4 

m, ««law« for i ar« 0.0M, 0.02) «ad 0.02). It «Ma« algalfleant that 

9 ateadlly «acre«««« with increase In «anganese content, 1.«. 0.2wtl 

far «.. O.WtX for Ml «ad O.awtX for h*. Therefore, « glean «Ballad 

•tr««« intensity K cr««t«a a «a*ll«r crack tip plastic «on« aa tha 

ha-heartag dlaaaraold  content   of   tha «Hay   1«   lacr«««ad. 

1.4    H»ta*logr««hy 

( 

Optical Micrographs rev««ling tha grain etructures of th« «Hoy« 

«r« djaaj in fig. 1.17. Tha«« photograph» «ar« t«k«n using aolarltad 

light «ft«r tha spedaen» Sad hewn «nodi zed («a« Sort ton 2.)). la fig. 

). 17(a), «Hoy IrT 1« gfjgfj to ha«a «a «aulased grain «traetar« «ad 

fairly «tralght grain hoaadarl««. Alloy« ML, Ml. MR «ad NX «lao haw« 

raaghly «aataaad grain etrweturea however, thalr grain ah«««« ar* 

aar« dl«tort«d, with aany of tha grata aaaavtarla« carwad «ad 

lrragalar. 

Another not««!* feature af tha optical alr-ograph« 1« tha 

areaaac« af eaar«« eaaatttaaat particle«, «a «aaa la fig. ).lt far 

• Hoys Wl . m. Mi «ad AC. Allay AT 1« aat «hewn keceaM It contain« 

vary     faw    coarae     particle« however,     tha    othar     «Hay«     «how    «a 

Increasing   ealwaa   fraction  of  caar««  «artlcl««,     tOKOiOr       Saaaraa 



II—"" 

( 

(1991) mid a point counting technique on optical ancrographe to 

eat lance th« *ol«H fraction* of coarae coeetttuent particle« in 

• Hoy« NL. KM tnd »CM 0.7gt, 2.01X end ».401, reepectleely. la 

alloy« NL, MM and Ml, th« aajortty of th« coarae particle« ara 

e-AlHnSl lateraecalllc »ha«« which foraad «aria« casting aeweeer, 

alloy NC had a auch higher Iron content and, therefor« a greater 

voluae fraction of coarae aartlclaa «we Co PeAls mmt <j-Alr*eSl. Aa fig. 

)-19 above, the coarae aartlclaa tea« to lie la traaagraauler string« 

erleateel la the rolllag direction. According to Edward« (1991). th!« 

orientation occur« becaua« the coarae aartlclaa for« during caatlag 

aad lay«de grain growth during hot working. After hat working, thee« 

coarae aartlclaa generally He aloag the grain Boundaries. 0a 

auheequont cold working and recryetal1taatIon, new grains nucleate aa 

the coarae aartlclaa. THue, at tea end of recryetalllaacSon aad grain 

growth,   taw   coarae   «articles   It«  within   Che  aaw  grain« 

J.S    fractograaay 

J.S.I    Aller HT 

Typical fraccare eurfece« of alloy NT am anew« la ft«. 1.1*. AC 

the low aagjalfleet Ion la fig 3.19(a). tc la apparent froa eke fairly 

flac, faceted gralaa that the crack path la alnvet eaajplataly 

lnt«rgraeular fig.        1.19(h)     aad     (c)     ara     progreaal»el»       higher 

aegal ft redone af the central region af fig. 1.19(a). Seen «aal! 

rag;one af tranegranalar frnecar« can W aeon la fig. 1.19(a); 

rear. Canoe appear ta he aerely aa ac ceojaoeac lea procaaa naar ehe 

eclea af  gralaa-     One  kegln«   Co ana  feecarea  aa  the grain  faceta   la 



( 

( 

flg. I.l9(k), fMdirti that Mg auch aor« «vldant in flg. 1.19(c) 

whwr« grain facaa havw a rou»t , fibrous appaatawce • Thla rough 

«ppaaranc« la due to a oatwork of tin» dtaplaa covwrlag tba 

tatargraaular fracture awrfacae. Tha«« dtawlea ara ah««« la flg. ).20 

for two lataraactlag grain« Alao apparent la a «erorvdar» grain 

boundary crack. Nora euch branchtage fro* the aaln crack ara evident 

la ewewral placee la flg. 1.19(a)- Tknt ewcowdary crack* ara 

coaalatent wltk the bifurcated crack froot often obwaread la thta 

alloy   In   tkw   alact ropol lehod   plaetlr   ton«   ipcrtatn« 

la flg. 1.21, tba flaw dlwplcd tatargraaular aurfac» structure la 

aor« apparent Tkw dlwplee, trragular In ehape but generally 1» the 

raagt« 0 S-i.Oua) dleeatter . alao appear to be aatraaatly «hallow and flat 

»1th a wwwwraaw-ltka wall forvtag tkw «law« of taw cue p. Of particular 

aota ara the 0.1 to 0.2u* awrtlclae preeent la tha coat re of «oat of 

tkw dtwple« and which alwoat certalaly aaraa a« tha »old awe teat ton 

attaa. Thwe. tkw «aalagly brittle tatargraaular fracture of alloy If? 

la aaaa aw a aAcroecoptc acala to k i «wall seal« ductile rupture 

prweaoa. Tkwaa «old« grow out frow tha awrtlclae alowg tha plaaw of 

tkw fft mmi coataaca ay tkw ffawl rupture of a tkln rwwatatog 

tlgawwat. 

I. ».2    Ailwy M. 

iloy ML alao fracture« la a prewowlnaatly Intergreautar awwawr 

1« fig 1.11(a), although tkw grata« ara wawllar than far 

alloy NT. la fig. 1.21(h) awd (c), tkw large »old frow tkw cwatra of 

fig. 1.12(a) la eawam at htghar awgwlfleattaw Tkw earround log 

lacargrawwlar   awrfaewa  hare  tkw  rough  appearawc«  cauaad  by   awall   acal» 



( 

i lap lea «1»«« the m. Th« laclueloaa which foread the large veld la 

fig. 3.22(c) ara readily apparent rig. 1.21 »how« eeweral different 

ateele alaaa In the eaae region. Tba particle« la the central pert of 

ta« figure ara approaleately oee eicroe la alaaeter The eaall 

tntergranular «laelea ara ehoerr again In fig- 3.24. Although not aa 

clear «a (or alloy NT, «oat of th« dlaplea Include partlclaa of 

•lallar eta« to tboee la ITT. Many of th« dleplea ara parabolic with 

parttclea aaar oee «ad. Indicating that tale particular regie« 

probably «operated my «tther ehearleg or tearing aotreeeat of the 

grain« (greek, lf7t). gewawer. except for the alight If larger aaouni 

of larg« volda oa the fracture eurface, th« eicroaechentea of fracture 

for alloy W. la the aeeta ae alloy NT, lea), «tactile rapture aloag the 

tntergranular   PPZ. 

3.5.3    alloy  all 

( 

A low aegalfIcatloe view of ae alloy Ml fracture eurface la abeam 

la fig. 3.25(a). Ita tortooue topography eoeaaeree to alley ML la awe 

to Ita larger proportion of traaagraeuler «act 11« rapture arouai 

coeree part idea aed a ear* dtetorted greln «tractere. At alight ly 

higher aagalflcettee (fig. 3.25(b)) It cae be eee« that the aajarlty 

af the fracture eurface la at 111 tatergraeular «act II« rupture alaag 

the Irregular grain baawderlea la fig. 3.25(c), aaeerel large dlaplee 

eeatetalag tecleetoaa ara aurrowaaad by reglona of aaall dteelee Tba 

tntergranular «actlie raptur« regloaa are eat abeam eeearately far 

alley m aa  thay  are  eaaaattally  tba  aaaa  aa   for  alley  mV 



1.5.4     Alloy 

Major ftitur«« on the fracture surfaces of «Hoy » «re bnslrall» 

MM aa for alloy MM DNM ara Illustrated la flga. 3.2* to 1.2«. 

at the low M|At(lri(lon In fig. 3.2n(a), the M* fracture eurface 

eaeaw. to be ajpaj ajnaj of patch*« of large dimpled duct I la rupture 

separated »7 Intergranular fracture regions. *tg« 3.2n(b) aad (c) 

ehow tha Large Iaclualo« related dtaple« aad the eawll latergranolar 

•wet tie rupture, reaper 11 vel r. aoa* Intermediate «lie dlnmlee can alao 

be aeei. la fig. 3.24(b). »art Idea are evident 1» the high 

engnlfIcatIon elaw of the MR intergraoular fracture eurface, fig. 

3.27. Two typws of Inclusion Initiated volda were ohonrwnd le fig 

3.2S, tha Large central laclualon created a void which gre% with a 

large aaounr of aaaoclated Local plaatlclty forming a large cuap 

Alternatively, tha Iaclualo« la fig. 1.?• has apparent 1» separated 

frow tha aatrls along lta latarface. but there has »awn little «old 

growth before final fracture. In fact, this dimple appears to be Juet 

a larger caar of tha an» 11 dlaples of the F*7 type that surround It. 

It la concLunad that thla tnclwatou lay la or «wry near to a grain 

baiasgary f?7 anal contributed to tha PPZ awcttle rapture la tha saa» 

aanaar as the email particle« la fig. 3.27. iwtm, tha majority of 

lnclwalon   related  dimples  ware  of   tha   type   ahown   la   fig     3.2«. 

1.5.5    4il«)f 

Typical   fnatures   of   alloy Mt   fracture   surfaces   are  ahown   la   fig« 

3.10 and   3.31       M  CM h  ewer   fron  flg.      l.HWa).   alloy Mt  dleplay«  1 

largar   amniiat   of   tranagramilar  «wet 11a   rupture   than  the   other     alloys 



tral riifN of dlapl« alt« >w>*tr tn fig 3 W)(b>. Saeeral 

toclualona can be eewn In the larger dlaplee, and regloua of fin» 

lntargranular dtaplee «re alao preeent OfCan cheee two typae ara 

)olaad be aonli region« of tnt «mediate slsa dlaale« Thwee variation* 

In dlnple alte ara «lac evident ar the alight IT higher angntflcatIon 

In fig. I.MXc). finall». caw flaw lntargranular »fwturt of alloy let 

In ft«. 1.31 daarljf contain« floe (- 0. lua) particle« lain« In 

•hallow   dlaplea   of   the   l-»aaj dlaneter 

I.*.» try  of   »ractogreaoy 

( 

( 

Evidence   gained on   the     tractographlc   anelyela     of   region»     of 

crack eat anal on on canpact tan*loo «pec tuen« Indicate« char altering 

the coanoattloti of the ternarv Al -0. fcwt Tftg - i . Out XS t alloy affect« the 

alrroaw>rhenl«ae of crack advance The two aa )or aeehantaoe which 

operate are lntargranular dort lie rupture and tranagranular ductile 

rupture Although a aacro4Copic«lI» brittle procaaa. the lntargranular 

fracture occur« by the Awetile rupture aaaweace of: «old nwrlaattor «• 

eub-ajlcro« alaa particle* In the "T7; wold growth along the *TZ, aatd. 

ultlnatel», eold coalearence Thl» procea« follow* a low energy 

«wet 11« rupture path berauee th« alaa of the rTZ Halte the voluae of 

aauertal eubfcreted to large plastic «af omet Ion la game re 1. the 

traaagraaular «wet 1 la rupture baglna by wold awe 1ear lor at large 

(>5-l0wa) lnrluatoua «nennen of the taeaeocy for lacluelona to 

congregate, It Is difficult to atate who'her the eold« form due to 

cracking of elngle taclualooa or to dabonding at the lacluaIon-outrt« 

interface Aa eh» alloy rinaaaltlon lp rhaagjad by aaVJtng Na and (la 

the     raae     a«     at)     r*.      toe     dogree     of   traaagraaular   ductile   rupture 

•3 



lacraaaaa accoralafly. TKa araa fraction« war« aaclajacaa' itlit| a point 

cowat tarnnlo.ua «aacrlba* 1* toctto« 2.*. Taa raaulta ar« ahoau la 

Tab I«   l.ft. 

Taala   ).» 

Ear ta«tad   araa   fraction   of   tranagranular   aacttla   ruatura   fractura 

•t   rtttliM   fractura  aurfacaa. 

Alloy X Tranagraoular Dactlla Raatura 

• 

22 
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flfrir«   1.1 

Typlral   (••(     record   «f      lo*d   varaua     41aa»tral   41«plan 

for   «a   jiWBtctfW   tawllt  iyid»w  of   alloy  HL. 

> 





Figur«   1.2 

Eagtnocrtng   «trasa   <*riui   engineering   «train. 

(•) Alloy  WT 

(•> Alloy  ML 

(c) Alloy   *t 

(4) Alloy  W 

(•) Alloy NC 
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TTM  »iriti   *«r»u«   trw  strata• 

(•) Allay Iff 

(a) Allay ML 

(e) Allay W 

(4) Allay Ml 

(a)  Allay MC 
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rtg»r«  1.4 

Log   trw   •(rui   «•rsxa   lof   tnM   «train. 
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rigtirm  3.5 

Log  trwa   ttrttt   ««rau«   lot  era«  «train   for   efc»  alloy«  of   th» 

»r»««nt   mtvdy   plot fad   fro«  a   —   origin. 
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ftgrnrm   3.» 

Variation In notch«* t«Ml I« toot rtcord of IOMMI **raua 

«laaotral alaalaraawnt for aa>v*ral wait*«* of 1- UM m«ln 

dMM   ara   for   alloy  «••   *aIi»M   of   I  ar»   gi *»n   In   fl«-   *•*• 

fatrtatn Initial   Maaattr   '•»' 

1 • .*> 

2 I.Ot 

1 t.12 
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riff 1.7 

tffacti»«   pleat Ir   «train   to  fractara  «arawa  atraaa 

rrtaatallty. Individual taat raaalta ara 

(a) Allay •"" 

(a) Allay *. 

(c) Allay NN 

(4) Allay W 

(a) Allay PC 
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fyolral   toot   rocorOo   of      \am4   «o'•••   loo4   ttoo     4i«plar 

for   reootrt   too«I on   aporlaona   at   alollar   valuva   of   o/H. 

(•)  Alloy frT •/« - 0. Wo« «o  - 2.1» 

<»)  Alloy -i o/H - O.Mo* A«  - 0. f* 

(c)  Alloy »W o/V  -  O.MOA A«   -  0.»l, 

(4)   Alloy m •/« - O.lltO A«  - O.AT 

(•)   Alloy «• •/¥  - O.MAI A«  - 0 
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taaarlaaatally  tettrati^  J-tata«ral 

••taastoti   raatataaea   IIM«. 

•t   of     crack 

(a) Allay MT 

(a) Allay HL 

(c) Allay m 

(4) Allay •* 

(a)  Allay MC 
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na»c« 3.10 

Crack   frost     »rofll*«   »of or»     and  afcar     crack   *at»n«lof(   for 

aalactad  aaactaavaa. 

(a) «II-« ITT 

(•) Alloy W. 

(c)  Alloy m 
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rigur»   3.11 

ta^rl^oM^  crack   tip  pkmmtie  wmm  fr«a ifKtMM   1—*•*  to 

different   valu««   of   K. 
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41l*y *L.     I-U   *•»•*«.       *l**Mr   MMM   *r* 

''•»  ClM   plan*   In  •».«»   fH*»   •*«-•  — —i • 

tfc*       tilt <-•*••• 

t*wti   rot*«»«   W 

> 



^•^ 

I      *      » 

s en 

R-MSMte« 

*. 

» 

I 

•J 

• 

•L. 

'I-, 

^"    > »       -t »•       t        »        t »        t 



M—ra   1.1) 

»IM  a*   •rat« tmliry  NftnilM   (aarrocracka)   1«  f 

•f   tfca  tcrMoylc   crack   tip 

(•)  Law «fil'IrttlM  via« af  aachaalcallv  aailafcaa crack 

tla    raftaa    af    alia« ai       t    •     M.)    *».*• Crack 

ittaa    «Iracttaa fraa    kactaa    ta       ta«. Oral« 

irtaa  Sa»«  •••••< •»  1"  '**   raglo«  la  fraat if   tka 

»•• »   tla- 

<h> •»teil •( a grata kaiaikrr rkat kaa ia• nl «a ta fraa« 

af tW «ata crack. «Ma »ha alaalaa »ha« r» 

4tatta*a!ah*kla aa  taa «rat a  «aaaaa ry   fractara  aarfaaa- 





rt—r« l.U 

Paaalkla   pttMttn   for   olaatlc   ——   at«»   rotfift 

(a)  Araa  of   th«  »laattc   MM   IN  fraat   of   tfca crack   tip. 

<•»•  A*ara«a  »f   tha  fo  rr «i.taacaa  aaaanraa    aaraaaalcalar 

ta tka crack  alaaa. 

(c)  Matavea  r$ MaMr#4  af     „., »raaataralaaa  aaaU  •    ta 

tka crack  tip. 

(4)  Mataaca     r—a    „..„,.««     fro»    t*a    tip  ta tk» aaalaaa. 

aataat  af  tfca  alaatlc  aaaa. 

(a)  Mataaca rg    aMMr#j «tract 1«    ta fraat    af  is»    crack 

tla.   I.a.  *9 far  • aat  aaaa I  ta «•»• 
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rtgwr« i.i) 

'or relation hmtwn ti^rtwnlilli a»a«ur*<i piiatlr ion* 

•la« M4 a»» I'»4 itrtti lataaalty factor, a ,, ttM ,I.IH 

• «'•ngth TW UM rapraaanta tha aradlrt loti for »UM 

atrala alaattc MM alia (#-Oo) froa lie« and lohnaon 

<1»70>. 

) 

Z> 





. 

rig»• ).it 

•••r    fit    tin««   for   tack     «HOT   correlating   tp   -t,h   ( 

«•in«  the  avcrag«  aloaw  of  «II  atata  Having  rp  >   IOQ^.. 

»>; 

-m^ •  •»-« | 



• 

( 
> I 



J 
rifmrm   1.17 

Optical  «lrro«r*»M .  partially  •alartto«'  llgnt. 

alloy train «irurMr» 

«•«« 

(•) Aiior w 

(»)  Allay  M. 

(c)  Allay  m 
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Optical   at   tairtph»   •howlnt  co*ra«   co«tUu««t   partUUa- 

(a) Alloy m. 

lb)   Alloy   Ml 
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rigur«  1.1« (CMC.) 

(c) Alloy m 

(4)  Alloy HC 
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ri|ur« 1.1» 

rrcctur« surfte« of alloy NT. 

M 
<c> 

M|nlM>«ilon   «law   of   tne.rgrjnuUr   fractur«. 

M   (•)•   Hlgti«f   Mgnlf ir«t Ion. 

M   (•)•   BlgtMr   •»gnlftctlon 
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Figur« 1.10 

Oiaplaa on totargraoular fractura aurfaca  Alloy HT 

flgur« 3.21 

Dlaalaa on tK« Intargranular fractur* aurfaca  Alloy HT 
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rtjur*   3.2? 

fracture  surfte«  of  alloy ML. 

(a)  La*      aagnit1cat loo »la«      af praaoalnaotly 

latargraoular   failure 

(•)   Hlgh.r   aaanlficatloo  of   caatral   ratio«  of   (•)• 

(c)   Larg«   particle     and   aasoclated     dlaale   froa)     (a). 

rtaa   lntergrenular   dlaeles   ar«  alao  evident- 

i 
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tractur«   urttcf  at   «Hoy     NL  with  a«»«ral   dlffaraot     dlaelc 

all«*    rtalbla 

Flaur« J-2* 

Maa)l«a a* tat«r§raoular fracture aurfac« of alley 
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rtgur«   ).» 

fr»ctue9  «uriac*  of   «Hoy  *f. 

(•)   Low    —gnlfteat low       vlow    of       fracture     »urfac« 

•howl a«     both     l*t«rgr«mtlar     ««4 «wet 11«   ntatur« 

region«. 

(h)   Olghar     «agnlf lc«t ton    with     fin«     «c«l«   f«*tur«« 

apparent   on  tlM   latargraaul«r   «urf»cm*. 

(e)   Imclualona       aatd »aoclatad       «uctll«       rmtur« 

«laol*«. 





rigurm   1.2a 

Practwra   awrfaca  of   «Hoy  !•• 

(a)  La« aafalftctttoo   showla«  both   tatargraaular     «atf 

Juctil«   ruatur«   region« 

(a)  ttgaar  aa«alMcat ioa  «howIn«  ftaa  acal«    faature« 

am  latergramilar   fractura  awrfacaa- 

(c)  Maalaa  oa  taCargraawlar  trmcturm  awrfaca. 
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FlUtr« 1.27 

Dlmplas  containing  part teles on     tatargranular   frscturs 

Surfsea of alloy Ml- 

rigors 1.21 

Mapls   forswd   ay   largo  aswuiu   of   local   plasticity  around 

lacluslo«.   Alloy  m. 

rig»f i.2t 

Void  at   taclMloa     showing  a  so»It 

flow.   Alloy  Ml. 

tt   of   local     plastic 
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Flturt   l.X> 

Prjctura   eurfaca   of   «Hoy  NC. 

(a)   Low    aognifteat ton       showing     lacargraovlar       ««4 

«Met II*   ruatura   ragK.iv 

(a)   ftlgnor     «ogniflet:loo     »bowing     faaturaa     oa     tho 

lntergreuuiar   fractura   aurfaca 

(c)  Cluotar     o*        Indue Jona     aad       aaaoclatad     larga 

ala*la. 
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Figur« 1.11 

Otapl«« coMtainln« »artlclM <M tatargranuUr fractura 

mrfaca of alloy NC. 
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Ctwpt«f   » 

DISCUSSION 

I 
( 

*•'    Mlcroot ruetur«l   foe tutw 

Sloe« later discussion ««plains change» In ae<-ro«coplr per«a*ter» 

aad crack ••tension aechanlsas In leras of elcrost ruct urt, It la 

apprjprlata now to susasartis the seltene «Ucroatructural f««tur«s of 

tlM alloy» studied. The«« feature» Include grain al<«, perrlcl« 

analyala (preclpltat««. dtapereolds «ad Inclusion«) «ad grain boundary 

• tructur«     (grain     boundary     prsclpltetes     «ad     precipitate   free   IOMI 

rrt). 

Alloy HI, eeeenttally dlepereold «ad lnclualon fr««, ha« «quit«««! 

grain« of aperoslaately 200 ua dleaetar with eeacnttally atratght grata 

boundaries Alloys M., Mt «ad HM cootaln locr«««log «aount• of 

aanganeee, «hlch foras Incoherent l«t«raot«Ulc particles of the 

i(Al(jN».Sl) phase Th« esjorlty of the rod «hoped dtspersolds ere 

•eeroslastsly 0.1 ua Is dlaaeter. although soas cooroor \ua pertlr)«a 

of the tarn* shea« hose boon observed (Dowllng, 197)); too groin also« 

of the dlspersold contalnlag alloys or« «lallar (70 - lOOios). The 

grslns are «lightly «longatsd In th« rolllog direct to«, aad the groin 

boundsrl«a or« «ore distorted thee ta tho ternary «Hoy MT. Alloy NC, 

the eoeeaerctal purity eautvslent of alloy Ml, ho« • higher iron 

content ehlch rssults la tho foroedon of »articles of »oAl | mmg 

«r-alfoSl.     The     «owrlty     of     tho     Iron     Induced     port tele«  ore  coorae 



InHualooe   O     -   I Owe),     but     the   aoluan     fractloa  of     dlaparaold   slse 

H'tlclM  will   tlio   be   lacreeeed- 

411 tlM alloy« wore tested 1« th« peek •«•4 condition. 1.«.. 

coatalalng a fine ageing precipitate of Mg SI, grain boundary 

praclplcataa «ad praclpltat» fro« ton« a adjacent to th« grain 

boundaries, la alal lar alloys, Bowling (l';*) found the PTZ to ba 

0.1 urn wide and constant with dlaparaold coat«at - Prince (1977) 

detected caw tree« of part Idas In Che grain Boundary «ad concluded 

that taa«« were dlspersoid« and fcraln boundary praclpltataa• Pig- 4.1 

•now« two TIM alcrographe taken by Prince of bis alloy * (MM) that 

llluatrat« tb* typical «tructura of th« dlaparaold containing «Hoy« 

Oowltng (1975) proposed that th« 0.1<*a dlaparaold particle« control 

tha deformation aachaalsa of taa«« «Hoys through hoeogenlration of 

alls-   Tha   resulta   of   Chaptar   3 will   ha  dlscuasad   In   Chat   eonteat 

4.2     Uaaotched   Tenslla   Taacs 

- 4.2.1     Tlald  Streagth 

Aa Initial objective of tha preeent work waa to Investigate tha 

«tract of dtsp-ereotde on c-ack «at ana loo aschanl «aa In «Hoy« of tha 

e-ee yield «trangth. Thla alallarlty of yl«ld at rangth was «aaanttally 

achieved   for   tha  dlaparaold   containing  «Hoy«,   la which   o    eerie«   froa 

MtMPa   to     MlMPa   (Table     1.1).     however .     alloy   NT     yield«   «t   2>*HP« 

Although     the     Individual     etc root ruetoral     contribution«   to  the   yield 

atraaa   are   difficult   to  quantify,   tha   prlaary   contributor«   are   the  age 

hareealng     preclpttata     and     the     grain  ate« .     Allay   coooaeltlone  war« 

ta  produce   atallar   «olue»     fractloa«   of   Ng  SI   la  the 



j 

condition- Aithouffr. th* poet-cold work rtirjntillliitlon/tolutlo« 

treatnent UM wae auch briefer for HT than for CIM other «I ays .'••« 

Ch. 2), UM % VH hold to eoild eolurlon by the JM hour solution 

[TMtatnt before cold work- Sloe« toward» (INI) obtained • viola 

• crooe of iOlHPa tor *llof NT having a grein »is« of I2)iaa, the lower 

yield t(r«a|th of «Hoy H". In the present study, ee coawored to 

dlspersold containing elloy», would oppaor to be sjnlnly duo to tfco 

grair sire being larger by onprostakatcly I20un The nngnltud« of thle 

effect con be cettooted using the Soil-fetch relation (Moll. 1*51, 

Potch,    l»M) 

S - 0» •  kfd 
_»it 14.1) 

I 

»re  o„ la   too     resistance   to     flow   la     the  gralo.     d     la   th«     grain 

dlowoter     :*4     k(      ls     .     cosecant     associated   with   th«   propagation   of 

«wforwotloa   across   the   grain   boundary-   Evensen,   Kyun  and   Satoury   (1973) 

aatlawtad  k f     la Al-Kg-St     alloys   to    ha  O.lWm 
it*. 

Increasing th« grain ale« of *T froa SOun to 200 uu would theoretically 

doer«««« Its yield stress by 2f*tfs and adequately account for th« 

observed value lowor than th« dlaswrsold containing alloys Duo to 

their als« and sew 11 eolwn» fraction, taw O.lun Incoherent dlepereolde 

should only slightly Increase the alloy yield strength and work 

hardening   rate. 

a.2.2    Work   oardeal a«  tates 

toferring to fig. lot« taw work hardening espoonnt * daw« 

lncr««a« with dtspersold content, 1.«. 0-0.051 for alloy OX Increasing 

to 0.0*2   for  alloy Ml.     Mill«     this   lacreaae   la  awt   Urge     la  akwolute 
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teree. It doe» represent «o Increaae of eearoalmet a ly 22* 

reeulte ara coMlittor with thoe« of Dow ling (WS) aad reflect 

coatrI but torn» to the work hardening rota dwe to the groin «la« aad to« 

dtepereold «Is« aad dletrlbutloo. The grain alia offoct c«e ba 

m»tlm*tm4 using too aaaroach of A*hby Ut70). The rot lo of too 

oboarvad work hardening rot« at a coMttnt atralr for MltrUli of 

dlffarant   grain   atiaa   la   glean   by 

do 

•c,      d       1} 

(4.2) 

of   caatrtnt      hg.S! 

****•   ai   end   dj   are   'he   grain   alsoa   of   too   two   material«.      This     ratio 

for   alloys  ML   <d-*«um)   and  MR   <d-7*uej)   la   1.12.     Thus,      too   grain   sir« 

ace Hint*   for   approximately   half   of     th«   obaar^ad   lacraaaa   In   the     work 

hardening   rat«       Th«   addition«)    iacreawnt    la     alloy   Ml   la   than   owe     ti 

tha   aanganaar   bearing   diaper lolde        la   the   prei 

preclpltatea     a loo«,     die location«     ewt      through     tha   precipitate»   end 

produce   local   aoftealag    of   the  ell»    plea«   by   reducing     the  effective 

croee-eectloaal   are«   of   the   precipitate»   (Clelter   aad   aornbogen,    aflü] 

nornbogen   and     Zua  Gahr,      1975).     mnweeer.     Che     incoherent   dlsaersold 

»art 1c lea     are     not     «he«r«d    «aal    dislocation  debris   forme  around   the 

pert ic la» Thua,        the     a Up     bends     work     harden    aad       alteraatlve 

dlalocatloe     aourcea     oeeretr.     aa    Oawllmg     (1*75)     point a     ewt,     the 

laflmeac«  of   the    dtseereolda  an  the    work  hardening   rate     lo  a  ewette 

effect   lo  thee«  alloy» 



a.2.1     rtKCur«   Strata« 

Oowllng (1975) contain« an ««tenet*« 11 »cue« lot» of the t«n«tl« 

dactlltty «ad ««forantloo «truetar« of iir «llof« 103, MM and ID» 

(—•eatlally equivalent to *T, * and Ml, respectively). Bar teeult» 

«r* coats latent with thoaa of the praaant «tody In that alloy *T 

fracture« at aulte low «train« (O.Ot for MT, a«« T«bl« 1.I) All* 

alloy« *. and Mi «now similar «train« to fractura (tf-0.24 «ad 0.2«, 

re«pecz 1 ealy ). Dow 11 at proposed a nodal based on cf*e Interdependent 

•ffact» of llspersolda aad laclualona on the ductile rupture 

«•chants«» of «old Initiation, growth and co«l««c«ae«- According to 

thla nodal. «old« Initiate at coara« particle« (~ )wa) «t lower 

• train« 1« IM than In BM due to It« containing a greater «oluasi 

fraction ot thea« «article«. •aawvar, 0.Ija dlsaarsold« do not «aid 

wnttl a »art late «tag« 1« th« daforaatloa, aad they inhibit the 

growth of «aid« Initiated at th« coarse particle«. Consequently, th« 

higher volume fraction of dtapersold« la MM «ccouar»for Ita «lightly 

larger fracture atratn oear BO*, wall« thla appear« to ba « raallatlc 

—del, It do»« «at account for the algalf leant ly larger fractura 

•train« of «Hoy * In the ereeent «tody (ef«o.40). alloy BE, the 

-oaaarclal purity äquivalent at «Hoy Ml, coatatna 0.2ArtI f« which 

atgalfleantly lncreaae« th« iniahar of coarse caaacltuant pnrt'cles. 

Also, the voluaa fraction «ad caaanalttoa of th« dlapersolds are 

altered (Bdwerda 1MI). according to the Hauling aodel. the «ajar 

•ffact of th« added iron would ha to decreeee th« fracture «train *y 

lacr«««lng the «washer of «aid« Initiated at low «train«. Sine« thla 

we« aot sheervad 1« th* »reeent «tudy, additional factor« any ha 

tavolead. 
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•rook (1972) Investigated fracture processes la thirteen 

aluaUnlue alloys. tte »heerved that Large particles could laltlata 

volde at avail strains of ehe order of a fear percent However, «Iocs 

final fractur« xcurrtd at itralis of the or dar of 25X, ha concluded 

that Laras) Inclusions would decrease ductility hat were not aaaanttai 

to tha fractur« process However. It aaaasj significant that the large 

part tc la «aiding referred to ay Brook wee data to fractured tacluaiona 

Veld formation hy tha Aecoheelon of tha pertIcle-eotrl* lntarfac« «as 

obeerved at a faw laolatad aartlclaa la a fat* spec teens oaly. Km 

tacluaiona hava not haan obeerved to fractura la tha prasaat alloya, 

tha strength of tha part 1cle-eetrlx latarfaca auat ha tha controlling 

factor   la  «old   nucleatlon- 

Ihjcohasloo of tha locluelon-eetrti latarfaca depeada oa tha 

aesteua atraaa noraal to tha lntarfac« and would tharafora he expected 

to be sensitive to tha local streea trlaxlallty whtcS occurs la tha 

aockod region of tha tensile taat spaclaana- How«-er. tha dimensions 

of tha unnotched tensile specimen« (see fig. 2.1) wore too sea 11 to 

allow developoont of large hydrostatic atreaa coopnnonts la the notch. 

rhus It m^pmmr* that tha Lack of coootralat ta the ten«lie teats of 

alloy MC prevented the deleterious affect of «old oocloatlon at 

laclwelons froo o«orshadowlag the beneficial affect of Che larger 

«olueje froctloa of dtspersotd else aartlclaa. Corrohorat log e«*< 

for   thla   suggestion  was   obtained   froo  the   notched   tensile   teats- 

*.J    »etched  Teoella  Soecteoea 

•-suits   for  aorchod   tensile   teeta  are  given   la  fig-   1. ?   erj  Tahle 

1.2.     "artat toe«   of   the   fracture   atrala  i.  „ ,   fwoctloa  of   tha   stress 



I 

trtaalallty a^/3 for 4ll th# ,n„r, .r, HMM 1« fig. 4.2. For th« 

my of itctn - rlaalalltlea itiiH, fracture strata« far alloy« ft. 

*.. Ml ««4 •• reflect lacreealag ductility «lih dlapersold content 

Tilts definite separation between the allays is la airbed coat rase ca 

the similar fracture strataa of allays *-. « SN M ta tla uamotched 

taaalla tests. Cows I da ring caa Oowllng model and ihe sffsct of scraas 

trlaataltcy oa «old owe lea doe at Inclusions discussed la the previous 

aacclosi, oaa would predict chat taa larger leciueloe coataat 

(MDMOM.) would hove s atroatar influence oa fractara atrata aa taa 

9tr»am crlaxlallty la increased- This concept appears to ha rataforcaa 

hy tha greater rstss of decrease la fig. *.2 »Ich coarsa particle 

coataat, hat does not satisfactorily account for tha considerably 

higher fracture strslaa with dlepersold coataat. Dow ling as sad har 

•meet oa taa ductile rupture aacaaataas of sal« aoclaatloa, growth sod 

caalaacaaca as cha dominant fracture aachanlsa la alloys Mi sod KM. 

however, Mac« and «art In (1*7*) concluded that those slloys 

fractured la s predominantly (tit er granular manner lesulrs tor tha 

sores»tag of aacttla rupture oa fractara aarf«caa fro« tha proaaat 

study (aaa Tahla 1.4) toad ta ralaforco tha «law of rtlmc« sod Hart la. 

Thoy proooaa that trmet-rm occurs hacaoaa slip bonds ImpIngo oa grata 

bowodartes causing local strata coocoatrat tons ohlch, at aoaa crtttcal 

«alma, aaclaata «olds high aagjalflcattom fractagrspha of tha slloys 

la tha »reseat study (e.g. fig- l-l») cemflra chat tha tatargrsoulsr 

f allots amehaal am hog Ins «rtth «old aacloattaa at grata boundary 

parttc1««. 

Prlace earn Mart la suggest that tha dlspersolds tahthtt this 

tnrergrsnulsr «mettle root u re aachaalaa hath hy reducing tha grata 

at*«  sod   also   hy   hamooomtslmg  slip-     Aa with  «met 1 la   rupture   at   coeree 
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laclttflou, a trlailal »in« «tat« tnflooncaa tlM lnCargranular 

awctlla roptura aachantaa Tha aotcbod itntltt roa-jlta ara thwa 

cooalatant with thla «law. That la, la tka trtaalal atraaa Meld of 

tha notch, dlaparaolda lacraaaa iho raaulalta aacroacoptc atraio to 

fractura by hoaogaaiilag altp aad thwa raa)wclag too atraaa 

coneant rat loaa at tha point a *h«r« tha alia band a to» Inga oa tha grata 

bouodarlaa. 

Tha taaalla toot roaulta thorafora auggaat that tha doalaant 

fractura aachantao of grain boundary ductile rupture raqulraa a 

critical caajatoatloo of local atraaaaa aad etralaa for »old ooclaatloa 

at grain boundary partlclaa aad eubaaquant «old growth ana* coaleecence 

along   tha   Wl. 

CoeaIdaring no« tha raaaoaaa of alloy NC to atraaa atata. It la 

claar froa fig. 4.1 that thla alloy enow» a eharp daereaae la fractura 

atrala at tha hlghaat atraaa trtaalallty. Thla la unaaratandable la 

•lav of tha greatar coaraa partlc'a content and tha lacraaaad 

proportion of t ranegranu lardbxrt1 la rupture a*ch. niia la thla alloy. la 

coatraet to tho uaaotchod taaalla raeult« tor alloy NC, where 

coaotralnt la tha nock «•• loo, tha eharply notehad taaalla epaclaena 

provide aajfflclaat coaatralm to elavete tha atraaaaa at 

inclualoa-aatrla tntarfacaa. aoa) cauae »old« to 'alt late at lower 

etralaa «old growth la alao atroagly dependent oa hydr^atatlc taaMtoa 

(UrCllntock, ItH; tica aad Tracay. 19M), accant <ia( Ing tho 

aaletertoua affact of the coaraa cooatltuont partlclaa la tha aotchod 

ilia 
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*•* »rectore Toughaaa a Par—» tar» 

4.4.1 Pact 1 la Fracture Tougheooe He 

( 

T*a real stance liana obtained froa CIM eaperlaeatel »eluee of J 

east 6a ara plotted] la fig. 4.}. 11M ajcilti fracture towghoees ifc> M 

gl»en by the Intersection of the blunting tlaa with the reeletaace 

Urn», tecreaeee algnlfleant ly with dlapersotd coatant (KB>MH>m >WT i 

(Alley MC will be coneidered separately later.) la this Instance J|c 

caaaot ha lntarpreted aa a critical aeteatlal energy releaaa rate la 

the see» «ay aa C^ for . g«r,iy elaatlc eaterlal; J can be reger*«' 

aa a aeaeure of the lateaalty of toe atraaa eae atrala field« 

surrounding the crack tip within the elaatlc-elaatlc regloo (lohoyaahl 

at al., l»7«b). TWt, Jlc 4omm rofi.ct the work, both elaatlc aaa 

elaatlc, required for the oaaot of crack eateaaloa. It therefore ooaaa 

that for the alloys la the present study, the iacreaaa la ductile 

fracture toughnees with dlapersold cootent raflacta aa Increasing 

dissipation of work 1. the crack tla plastic ton- aa «111 ae 

dlscuaeed la the section on pleat Ic ioae elaa aeeawr eeatet s, this 

additional work does sat necessarily go toward increasing the miam of 

the pleat lc too«. ey baeaeajaltleg the alia dtetrlhutloa the 

dlseersolds effectively agree« a glean «waster of dielecetions a»re 

aeaaly oeat a aalt «olwaw of eaterlel Tha, a larger oaf oraat lo.< of 

that «alee» of oaterlal la required before local criteria for crack 

aataetalee)  ere  eat lefts*). 

TW  date tile   free tare   towghaees   af   alloy  »C   la   alight ly   lower   than 

far  KB,     eeea     though   .he     dlsoersoid   coatent      la   higher,     aerauee   that 
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ii.rj «chmiii .; crack «atanaton Involve« algalftcaatIjr »rt cMnt 

parttcla     iuctU«     rupcur« la    a    coaaact     taaaloa    aaaclaw«,       tha 

oocohealoa aaclawa «lightly la froat of tha crack tip, aaacrlba« by 

•©yd {»— Sact. I - * -1). contain« a highly trlaalal atraaa Maid 

• lailar to tha aharply notched tonal 1« apedeen« The reaponae of tha 

«wctlllty of allay NC to tha atraaa trlaatalltjr laallcacaa tha. wo Ida 

lnltlat« aarllar at tha caaraa laclualooa la th« decohealoa aaclave- 

The local atraaa triaaiality alao favour« «ola growth «aa coalaecaaca. 

Tharafora, taa additional coatrtbatloa of eecttle rupture at caaraa 

partU la« to tha elcro-eechantae of aactlla ruptur« aloog tha *7Z 

cauaaa   crack  extoaeloa   to  occur   at   lover   «aluaa   of  J. 

4.4.2 rlaoo  of   J  with  K 

*a objective of Jtc taatlng la ta obtain a toughn««« aeaeuraextat 

oa aajall laboratory aaaciaaoa tuat can ha applied to largo acala 

•ta.   However,   »Tc   repreaaeta   «   lower   bo on a1   toughnee«   aa4  caa  ha 

•tractly far aatartala aoloctton through tha calculation of tha 

I'IMI lateealty factor for taa aealgn gaoaatry. which ta aat yat tha 

caa« for J. 0a* aathod available ta convert eaparlaental J. valoaa ta 

eorrenpoodlng  Kj  vaiMM   gj   to  »*,   tM   up* 94.   (l.*l)  glvtafj 

w 
tan** laveettgatore have fewed good agreeeent 

JIc aaa aa eaperlaentally aeaewre« Ktc («•« 

alloy« la tha praaaat etwdy,  a «alt« «jc 

war«  fowad  ta  aary with  crack  length 

<•  J) 

*j  baaad    a« 

,   19H).     ft  taa 

alaad-     K) «alwaa 

ara 
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lndoponaant   aatarlal   ptriwttri.     Hewvvar,   «hon   takan  at   atallar   crack 

'••«t*>«.     Kg  provtaaa   «  oaaful   ranking     for   (Iw   alloy«   atuolaa   and     MI 

Tha   coMrl»M  of   KJ  to  K) for   all   tk*     «Hoy« ovoraatlaotton   of 

la 

lc 

la Taala  4.1. 

Tabla  4.1 

rlaoo  of 

Alloy «0  lMra«%) KJ -• •.» 

2«. 2 n.; 

».* w.i 

W.a 44.5 

«3.« 44). 7 

41.2 47.4 

U/1Q 

LOT 

1.0» 

1.12 

1.12 

UM 

It la apparent that Kj u cai.t.atly araatar than KQ which caa 

bo aaaoawa to bo »raatar than Iu# AllBC thm nimtl„ «iffaraaca 

lecraaaoa aa tho laajghaac« go«* J«. aa Jaalcataa by *j/t<j. Tbjoao 

raoolta ara sot aororlalaaj. TWy alooly Uloatrata that tkja LEVM 

aqoatlo« caawot bo rait «a «poo otaeo UEPM —ummt loo* me looajor aaoly 

la  thoa*    alloy«,     calculation  of    a critical     atraaa   lataaalty   factor 

'r**   }\(   ytataa  a    «awcooaarvat l*o   «alu«   hocaoaa  J{c     raaraaaat«   both 

alaattc   ««*  »lactic   «ark   taraa,   aa «til   ha  «ooo  la tho  aaat   «action 



r 
*.*.J    Coajaerleoa of  J with C 

( 

For totally alaattc aituetloaa, J ajuala C, where C ta tha crack 

•at«oaton fore« alacuaaee la Cfc. 1. However, It ta iaa« clear »feat 

ralaclon theaa ha«« la the alaatlc-elaat 1« caee. Lovat ami Crtffltha 

(1M2) coaalaer tale point fro« ta« «taw that a raal crack la a 

combination of a perfectly rlaatlc crack aa« a alaatleal I* relaxed 

crack that la aurroundad by alaat lc aetarlal- They aropooa that tha 

crack ta held la t^utttbrlua ay a point force C ape"*« to tha crack 

ltaalf aed ay a forca F ir(tU| fro« raatataaca to dlalocettor ant too 

ta tha plaatlc too« Ualng tha reeelt of lahalhy (1*51 aad lt7S) that 

tha J-lategral exeaurea tha caaooaont la tha dlractloa of crark 

mivmmca of tha total forca oa all alaattc alegjwlerlt lee, Lowat mam 

Crtffltha  eerlre  tha  geaeral   ralattoa 

J - c * r (•.*) 

Thla i eeaaura« tha rata of change of ayatee aaargy with crack 

advanea «ad doea aat lac lüde tha cltaa) forcaa oa edge dtalocattoea 

which ara ——I to h w work la tha «eforeetlon Involved la tha 

experleeatal detereleet too of J. The tara F ta tha acalar mmm of all 

«talocatloa $.114* forcaa la tha direction af crack e4vaace. Far tha 

particular eodel of a .ilagle mmtai crack ta eo4a I loading. Laaat ami 

Crtffltha  deterelne  that 

Therefore. 

F  - 0.2« 

« - J - 0. Si 

(*.») 

<*.•> 

aithaagjh   tha  aaaairlcal  coafflctaat     ta oa..     (a. 5)   ta 



aaauaaulooa of the «4tl, tha validity of »a. (4.*) CAM fea rh#rk«<* 

Mio«   ClM  «xpartaantal   ciwtli   In  tfea   »raaaat   atudy,   I.a.     J. ^^ 

'o. tiM CTOO •( CIM outt of crack •»taoaloo Tha «at hod uaaa Co 

datatalaa iQ ggu ^ 4I»CUSM4 la tha aaac aactloa. Table 4.2 contain« 

tha   raaulta  of   a*.   (4.4). 

Tafel«  4.2 

certt   -  Jlc   -  0.29yd« 

( 

*il»y -»lc ay 4o        Ccrlt «C «Q 

(•/•a)   (»/•»')       («•)       (»/«•)   (HP./a)   (Mfa«%) 

11.2 2 7« 0.040 7.43 24.4 24.2 

Mai Sit 0.070 11.0 14.0 11.4 

25.2 110 0.071 20.4 99.S ».4 

10.2 121 0.092 24.2 41.2 41.4 

24.4 104 0.041 21.4 40.a 41.2 

c Thau, accordiaaj to tfea Utaat ami Crlffltha aaalyata, thm C la am. 

(4.4) aarf Tafel« 4,? raaraaaata tha alaaclr ferca «"tin« oa tha crack 

Icaalf, aaa chary »roaoa« that tha fractir« criterion for • «articular 

aacarlal la tha atctlaawat of a critical wlaa af C. Staca • crack ha« 

ao aaaa. It la difficult ca tnt«r»r«t tfea ahyafcat algal ft.?«ac« of C 

aha a aaftaad aa a crack drl»l«g fore«. 1c ta taawttag ta roCwra ca 

Irwin • original «aflat(too af C «a tfea «taatic aaargjr ralaaaaa ear 

•alt   araa af  aea crack  awrfaca.   ta atchar  caaa,   It   la  claar   that   C    «t 

lacraaaaa wtcfe  dtapereotd    coat «at   la  tfea    ereeaat   alloy«   ia    the  ««•« 

aanaar   ae  J,c.   (t   t,   lacereeClag  to aata  ClM'.  Gcrlt   1«  of   tha  order   af 
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O.SJ Ic  which 1*   toT« expoctcd   fro« »4.   (4.4)  «od 

-» * •». (4.7) 

1 

< 

for •»!, «am th« Dugdelc-lCS crock. A««In ualog tbo LtPM equation 

(1*4I|, C r«n fco coorortod to o itnti totvaetty factor. KC| ^^j 

coeapered to tk* «saortaoaral 1^. „,... «aluo« «re <Ho enow to Tokio 

4.2   aod   plotted   lo   fig.   4.4.   Tho   excellent   egreenant   katwoao   !<;  aa<d   KQ 

for «11 tk« «llore aay ko «wo prlaarlly '0 tk« fortuttowe ckolc« of 

t^e numerical coefflcleet la 00. - (4.)). however, th« G fractur« 

cr1 tor Ion propoaed by Louat and Griffith« aako« tk« «aaoatlal point 

tkat tk« «xporlaoatal J roflacte koth tk« «laottc eeorgy roloao« rat« 

«ad tk« energy expended to dislocation 001 ton Tbo fact that KJ( 

dlacuaaed la tk« previoua oactloo, lo coaelateotly larger than Kq j, 

father   coeflraatloe  of   tklo   polat. 

4.4.4    Detect lay,  tk« Ooaet   of  Crack tatonelow 

< 

Tho latcrptetatton of experlaontal J aod K «aluca ao <to(«ratn«d 

froa a pi I of load «gainst load 11a« dleplaceeont la aore aaanlngful 

am fractur« crttorl« If tk« preclee polar of crack aataaaloa la known 

For fcrlttl« aatartala. thlo polat aay ha Indicated by a «harp drop la 

load ao tbo crack extend« however, tbo aonoth chaag« la 

laac« far alaattc-el.et1c aotarlala aak«a th« polat of crack 

oxtoaolon aor« difficult to doflao- la oth«r than aery thin «pec fawn«, 

eorfec« obeervetton« ar« «reliable becaaee tho crock froot ueually 

aoves forward flret at th« alddle of the aactloo. Aaother aetHod which 

boa been «ood eocceeef< 11y far crack laagtk areeureaatat la the change 

la    electrical     potential     cooaad    by    crack aataaaloa when a ceootaat 



f 

current Is applied «rroii the raaalnlng lt|ta(nt Such a asthod la 

teicrlktd for a constant O.C. peatr supply I» British Standard D019 

(1972). A sleultseeous record of load versus electrical potential 

•cross th« llgaaenr Is predicted to change slop« st the onsst of crsck 

extension This asthod wea attseated Is the prsaant etu..y but «ass 

isasuccsssf ul• Although there appeared to tas a change in sloe« st shout 

'he point of expected crack extension, tictttlv« not a« In th* voltage 

algaal eade It laposslble to determine accurately th« load st «dich 

Cist change In slops occurred- The aolse was caused by tseajarature 

fluctuations st tee potent tsl eeaaurlog probes on the speclsjsn 

surface Since the slsctrleal potential signal Is Inherently sstll Ic 

alualnlua alloys, s SO sap currant provided sufficient signal aftsr 

10001 sapllfleet Ion. hut, not surprisingly, rslsed the teapereturs of 

the speclasn shoes *SoC. Difficulties In Maintaining a constant 

specimen teaaersturs caused this dlrsct asthod of deteralnlng the 

oaeet of crsck eat east on to he abandoned- Bruce (INI) also fojnd the 

potsat Is^   drop  eat hod   to  he   jars 11 able   la  his   teets   on CHh  steel- 

Lacklog s direct asthod far detect lag the point on the load-load 

llae dtsplacesjeat trece corresponding tc crsck eateaaloe, aa Indirect 

•sthed sas ueed- Dace the value of the J tategral at Incipient crack 

growth   «aa   date rained   for   a  particular   alloy,     es, -      (2.e)  «aa  eaad     to 

calculate the area A, iM^0,t a particular lead-lead ltas dtspleceaeat 

trace   corresponding   to  the  oaeet   ef   crack   growth.   I.e. 

*.  -     1+a'     J|cia (*.•) 

Tea  palat   aa    the   trece  that     save  this  srea    was  defined  as     the 

pulst   ef   crack   eateaaloe  eaaet   sad   values   fer   the   lead   at   oaeet   P0  ***- 
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load ltaa dlaalaceaant g^ tfetta fcunüiH. Po «ae converted to | 

straaa   Internettr     (actor  at     oneet   *o    gf» ejQ.     (2.5).     TW    craek  tip 

opening dleplacenwat et oute *0 wmm calculated fro« «tXo beeed oc the 

alaple Mowttlc coMtructtoc ehown echaeMtlcally la flg. *.5. Tal« 

MM ruction aaauaaa tKat, aa tha crack IMM, a CT «paclaec rotatee 

•bour a hing» polst unlch la aoai fraction of taa r«a»Inla« llgnannc 

la   front   of   taa  crack   tip.   Accordingly,   by  alallar   trlaaglaa. 

*o -    m      <*U-»> (4.9) 

' 

»her. H la the hinge rotatloa factor. * aajor difficulty la ualag thla 

«at hod la darerainlag the corract value of •. »onto« and La« (1M0), 

«•lag crack oawalag dlaplacaawnt to «eaaur» crack langt* In coeaaact 

tana Ion apaclawna, tnvaatlgated four value» of g, 1.«. g-0, 0.195, 

0.33 and 0.), aad fottad that H-0 195 gare the beat correlation of 

raaulta-   Therefor«,   g «aa   taken  aa  0.195   la  the   preeent   work 

To Uluatrat« the coaaletency hetuean ea^c(«ana of the Indirect 

aatKod of dateralnlng crack esteaetoa a—at, value« of K^ aM ^ for 

»pacific taata are given la Table 4.1 along »lth the previously 

dlecueaad 1^ ».Uee. ft la lacaraattag to caaaaare K^ «1th *Q. ajthaagjh 

Individual eanparabt1tty «ay vary, the general aleUlarlty of «^ mmi gg 

enhance» thalr credibility aa tengbaaea paraaetere la theae alloy» 

Alao, tha technique wsaad hare to calculate K fro« Jjr «alag 

equivalent areaa under load load line dlapleceawnt plat» aaa«a 

praferabl«   ta   tha   UtPM  agnation   «athod   (Kj). 
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Table   4.3 

*y   ot   *Q,   Ko  »ad   4«,   r*«ult« 

Alloy SyoclMn IQ   (HF»tfa:        to   («>••«) «o  im) 

4 2«. 5 2«.0 •».« 
5 26.5 24.5 a.3 
41 27.1 26.9 57.» 
42 31.2 2*. 3 47.4 
45 27.7 2». 4 54.0 

2t  2 27.4 5».5 

«I 

I 

17 37.1 37.4 •3.3 
19 34.3 3*. 5 66.6 
20 3*.7 37.1 •9.5 

11 3«.4 35.3 54.0 
12 3*.9 37.7 M.« 

4vc rot 35.9 36.« 1.4 

53 40.2 40.7 71.5 
57 40.7 42.4 M.9 
52 M.3 40.• 7«.§ 
S3 M.« 40.5 79.4 

AVC rot 39.6 41.2 74.7 

35 45. f 43.1 »0.5 
36 43.0 45.0 93.1 
37 40.6 42.9 «e.4 
3« 42.9 42.9 •7.1 

Ave rot 43.6 *v» •2.5 

64 40.« 43.5 •5.4 
65 46.7 47.2 •6.6 
66 M.9 44.0 7«.4 
67 60.3 44.3 71.7 

A»C rot 41.2 44.6 
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Cacesslve  confidence   should   not   be   placed  on   the  absolute     values 

of     the    critical    crack     tip    opening    displacements   «0  lB  Table   I 

Although they arc tha corract or dar of oognltude «ad wary In ti» son* 

way aa tba toughness, tbara la uncertainty In the value of • In mq- 

(4.*). The variation of «0 wltB tn^|,,„ i, pr««ictee fro« «a. (4 

la fact, the correlation between JIf ... ^^ u .^ .o*,,, .»i lo m. 

(4.7) a^ can be seen In fig. «.». Thl» egreeoent would be aor* 

slgalflcaat had «o bMQ WMur^ independent ly rather than calculated 

froo a   load   line   displacement 

4.4.5     Tearing  Modulus   - T 

The fracture toughness parameters discussed so far have 

related to the oneet of crack »tension while 1: la Chla oneet chat 

la Che specific interest of the preaant work, the tendency tor 

aaatable crack extension wave also anasured Paris at si- (1*7*) 

discuss the theo y of lnstsblllty of alaatlc-plaat1c crack growth, 

defining Che condltlooa for unatable behaviour la tense of the 

'-Integral resistance carve (J ea. aa). •orsjulatlng a aoa-d loons looal 

notarial porooatar, the taarlog ooooloo T. (ooe sec 1.3.4.) ohlefc la 

sloply Che aoroalisad slope of Che J res1staac» lino (ea- 1.43), Che 

»art» at si concept any. In soot cases. ha of greater practical 

algal ftcaoca than the frarrwtsj Kassjhneas (e.g. Che leak before brook 

design   phlleeoohy) 

The     tearing     ooooll     for     the     si toys     In   the   preaant   stud«.     aa 

a» re rained   froa an.     (1.43)  and   the  -»-integral   roeletear»     iloaa,     are 

glean     la    Table     3.4.     ioaults     for     alloys     m    and     M.   are  elaular 

reflecting    oatraooly     low     «slue«     of     dJ/ea The     taarlog 

112 



( 

tncreaaee with dleeareotd content for «Hoy« t* aad IN, bur 7 

tecrtu«! than for «Hoy >C. Thwa the tMri«| aodulu» ««hibit« the 

«ean> qualitative variation far theee «Hoy« ea doee J^c hHt fh# 

proyartloMl change In «tluM le auch greatar. a fact which any ha 

explained la terae of Cha aaoaatry dependence af «J/da. Quda« at al • 

(1973),   varying  a/W mad   th«   enwunt   af   faea  grooving  oa  CT  epeclae .a  af 

•Y-IJO  eteel.     aenaanal   that   JTc  -.„   laaWp.na.at   „#   apeciean  aaoaatry   in 

thn range reared hat tha tearing aadulue Increaaed with crack length. 

hetag higher la nea-face grooved apeclaena «here crack tunnell! ig 

occurred. inruce (INI) alao found that lncraaalng the TUI-of-plane 

-onatraint hy lncraaalng the thickneaa or dktgre« of aide grooving had 

a aerked affect In reducing dJ/da- Therefore, T «aloe» tor tha preaeat 

alloy« cannot ha conaidared aaoaatry ladependent• Bewever, alace tha 

aaoaatry waa haatcally the aaae between alloye, the higher value« of T 

repreaeac a greater tendency 'or crack tunnelling. Thla coaclueloa la 

eupported hy the extended crack froat ehapee in fig- 3.10 where tha 

•evertty ef ehe tunnelling lacreaaaa with «lepereold eaount Thla 

behaviour la a aanlfeatatloa of tha Influence of dieperaolde oa the 

caaatratnt required for crack exteaaloa, ea diacueaed previously la 

relation  to  tha   fracture  etralna  of  aatchad   tenet la   eaecli 

*.*.• iry   of   Fracture »ara»  (.era 

Far   the   alloye     etatdted,     tha  fracture  toughrvee«     paraaatera   Jtc> 

*••)•     *e.      V».     IC aad  I provide  a  convincingly  coae latent   order tag    af 

WTOfLOmcmCOm.       Thla     MI  net     can    ha     «wall tat iwely     rat tonal I tea 

through   the  effect     af  dleaeraold  particle«     aa  «Up  «let rlhwt Ion    aad 

hence  aa   the   local   ecraee  aad  etrale  eaahlnatton   required   to     activate 
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eh« grain Howaaary «act I La ruptura «•chtnit« of crack «at ana Ion »or 

alloy MC, «hick Ha« tha graatar woltaaa fractto« »f alaparaolaa. tha 

•oat rlbut t ng aacha.itaa of «wert la ruptura »t coaraa cooat1tuont 

parttelaa raouraa tha loufhntu coaaaraa to that of alloy Ml «hi eh haa 

a lowar coaraa Inclualon contanf . Tha aaraaatara J. #|v0 a^ t..lir to 

giro aa.a«ala«t ranking« of oat «rial toughnaaa although thay ara tot 

ralatae according to tha LIFH aquation. Tha larraaaa la aatarlal 

towghoaaa 4mm to tha lnfluanc» of alaaaracla aarttclaa on «Up 

dlatrthtttlo« ana grain alia la thwa «atabllahaa- Tha aannar la «fetch 

thaaa ttaaa ralata to crack tig plaattrlty will ha con» loan«" la tha 

aaat   »action 

•.5    Crack  Tip  Plaatlc  Zomm  Sl«a 

to     tho     cootaat     of      ratatlna.     alaporaola     aaraaatara     to     allot 

toughnaaa.   tvo  ataaatlooa   of   Intaraat   ara: 

a)   "or   tha     aaan   atraaa     lntanaltr   factor,     ahat     la   tha     affact   of 

dlaaaraolaa  oa  crack  tip  plastic   «on»   alia' 

•)   la   roaghaaaa     Jataralnad   ay     a  erltl   al     crack   tig     plaatlc   toaa 

alam  at   tha  oaaat   of  crack   axtanatoa? 

To     tnvaatlgata     thaaa    auaatlowa,     tha     plaatlc     toaa     alaa  a«   a 

haart too  of   agottoa   atraaa   Intanalty   factor  ««a   aaaaurad,   a«  alacuaaa« 

la  »action   1.1. 

4.9.1     Corralatloa  «1th  > 

gig.      1.la     ahaaa     tha «Idplana     plaatlc     aona   alaa   r     a,   * 

tho     alaporaola     coatalatng  alloy«  haao 

tlally   tha   aaaa   ylala   at rangt h,      tha  aacroaalng   «alaa  of   a  1«  mm. 

tto«    of     <»/«.)'•     »1 
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(1.1) aaaaa ctet, for tha aaaa «. CIM plaatlr BOM» alia la MlUr :or 

lacraaalng     dlapwraold     coot ant 4t     first     tnaportton     thla     1«       • 

aurprlalng raault (wouif on* «ould aapoct tlM tough«r . wrt «net 11a 

alloy to haaa a la roar plaatlc too«. Thla dlaaartt* coo ha asplainaa 

to   ttrat   of   tho   blunting  ga a aatry  at   tha  crack   tip. 

Moat aolutlona for tba plaatlc too« alto at tha tip of a crack 

aaaua» that th« crack I* aharp I.a. tha crack tip radiua of cttraatura 

p aaaroachaa taro. U«, Pin« and Nora (1*7*) coaaldar tha affact of a 

flalta o oa tha t«o-dtaanatonal plaatlc aaaaaln at tha tip of a blunt 

crack tip Usfn« cha work of tica (19»7> aad «aubar <)9»1). Urn at al. 

(1979) show that tha actual plaatlc aoaa afca rQ a< caw tip of a 

bluatad   crack   tip   la   gl van   by     tha  plaatlc   aeata  of   aa   laaglnary     aharp 

crack rK> Mh)«cta4 to »a aaaltad atraaa tataaalty factor K, arfnua tha 

gaoaatric   affact   of   tha   bloating.   Tharafor«, 

r. - rt -  rp (4.10) 

"lgora 4.7 achaaattlcally dlaplaya tha variation In plaatlc toaa 

afaa «1th aaeltad atraaa iataoalty factor aad) crack tip ganaatry. Two 

attuattoaa ara 11 loat rataa.: la fig- ••'<•), tha crack tlpa hava tha 

aaaat gaoajatry bat dlffaraat aaallad atraaa tataaalty factars. Tha 

plaatlc   tmmm   alsa   mm   given  by  AC   Incraaaaa  with   tha  anal tad)   *  alac«   r( 

tacraaaaa aoaa thoaah ip la caawtaat la mm.- (4.10). la fig. 4.7(b), 

tha crack tlao haaa alffaraat radii of earvatwra hat tha aa*a langth 

ana aaallad (. Ac caaataat *. rp «.craaaaa »1th tacraaalng tip 

bluntnaaa   ataca   rp  imrmmmm9  mmi\m   rg   raawlaa   coaatant 



1 

( 

Accorolag  to  tha  *ia t   al. 

•N 

I, 

(4.11) 

Tharafora. « «at«rial with • Nigh work haraanlog rat« cm* mm aaaact«*! 

ta haaa a MM liar plaatlc too« alia than a aara aactlla aatarlal with 

a laaar work Har«anIn« rata- Although thla la tha caaa la tha praaaat 

alloya,     tha   aaw 1 1     «lffaraaca   la     •  account»     for   a    alffaranca   la   r 

katwaan  NL  aaa  I«  of   oaly   about   It.   Tha  aajor   affact   of   ateroatructura 

1«  oa   tha   crack   tip   bluatnaaa,   bacauaa 

ro - • (4.12) 

••I 

( 

It Is «uggaatad that lacraaalag tha alloy alaparaotd cootant 

affact I»aly lacraaaaa a, aaal tharaforo r0> cauatng tha okaarvaa' 

•aaraaaa la tm for tmm ^^ atraaa tataaalty factor. Tha aachanlea 

raapoaalbla for tha local lacraaaa In crack rip bluatnaaa will ha 

aldarad    latar 

4.).2     Valuaa   at   Oaaat   of   Crack  Eat ana loo 

la or dar ta aatlaata tha crack tip plaarlc aoaa olio at tha oaaat 

af crack oataaaloa for aach alloy, tha Uaaa of fig. 1.1* aaro 

a«ttwaaa ta tha aaaat aalaa of atraaa lataaalty factor t# (%m^ «act. 

4.4.4). Thla caaatrwcttoo la ahawa la fig. •.*. Tha «alaaa af r t 

.»atatnad  ar«  glwaa  halaar. 

11« 



Takt«   4.« 

Plaatlc   loM  alt«  at   crack  ecteeeloe  oaMt. 

Alley 

HT 

<!„,,.)<(.> <oo~«**/f)' 

0.012 M 

0.094 19.5 

0.02) 17.» 

0.02) lt.l 

o.oir 20.? 

ipm| 

11» 

440 

420 

1»0 

I 
The value* of both , an« i^ „.. lotf for .uo» WT V« * reeult of 

•n caa* grain hound*ry fracture path, crack «atonalon occur* befor* 

•ha   crack   tip   plaatirttr   *st*no*   ke*oaa   approaleat•lT   lOOwe. 

Th* dl »par »old ontalntng «Uora aentktt a aerraaalnf r^, w{tn 

lirraaatng  dlaperaold   coateat -     Heatrtr,   for   alloy*  ML.     *W  end  *•   the 

«tffereecea la r^ .r. wn. for aitey pr, rpo la aeeroiteetely lOOye 

laaa   Chan   for   alloy  NL.      It   appear*,   tharafora.   that   tha crack   tip 

plaatlc ton« alae at tha eeeet of crack «atana loo 1« aet cove;ant with 

dlaparaold volume fraction. It ia come 1*4+4 that dlaperaold* altar the 

crack tip plaatlc to«* «Is« ana, therefor«, the atreea eea atrale 

dlatrtbut torn* la froet of the creek tip. Thee* atreea ami atrala 

dlatrlhotloee «111   he  coeeteered  ta  Sect.   4.».4. 

4.».I    Correletloe «1th eV/tU 

At the eeeet of creek esteeele 

«easel to AV/eA «here «V 1« the «erh 

leereejeetal   area    of   new    crack  eerf 

the   crack     art «teg  force     C  te 

rhed     by   the   apeclawn     a«   an 

AA  la    ereeteA.     «eelee 
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Laaafor«;   (1M0)  uaad  this   relatloeahlp  aad)  iHe  fact   that   C  la aejwal   to 

l'/l,   ta  rewrite  aa..   (1.2)  aa 

( 

%  -a  «W/4A)I (*.U) 

•F1 

Calcutta«   rp  MSMUac   th«,     a  ,,«,1.   i/« ««a     1 atee,rat la«  dWdA 

oear     the     pleat lc     IOM,     their     espwrlaantal ly  aeeaured   plaatic   a« 

site«     correleted     reeeoneblv     well     with     the     calculated     r TVeee 

irleenta  were   perforate*  oa   2024-T4,     eOal-To  end   ?07*-Ta  aliaalolua 

teault«   fro«  the   preeeat     etudr   perslt   •   atral«hrforward     »erlfIcatlow 

af   «a-   (4.11),   rewritten  aa 

dA       a       I 

(*.U) 

C 

Tha «aluee of rpo> ,,,„<!, Mrr deteral-ted eiperleental 1». and 

caw elaetlc aodulua ta I—I (••706*,a). 1*u, tha *•*» a«paad)ed la 

creetla« as« crack   awrfaia  araa    dV/dA  can  ka  calculated  direct»?     aad 

red   to  tha  aaaarlaaatal   J, raaulta   ara   tabulated   In   Table 

».V 

lit 

I 



Tabla  4.1 

c 

Alloy 

m 

CNHIIKM of   dk»/dA  «*J   Jlf 

• *  rf*  •?' 

•ft      •   I 

•*  (•»)     •?  ( (Af/*A)   !l/«)Mf   <•/••) 

115 2?» o.otz 10.7 U.I 

440 It« 0.014 lt.i I». 5 

440 110 0.02) 24.2 25.2 

4M 121 a. 021 27.2 »2 

1*> *» 0.017 ».1 24.ft 

A« can ft* e**n fro* TahU 1*1 and en* »lot of 4V/4A and J\c |B 

fig. 4.9, tn* agraaawnt aatwaan th*aa two ««ant It la« la r*narka»ly 

rloaa       TMe   correlation  edda   »hyelral     atgnl t Icanee   to   J. ^t   j#     m 

war« of tft* work don* I» tn* for*j*tloa of a unit ar*a of new rrack 

Co«,idaring a*. (4.14). tft« ratio r^/a „„»«l. aff*«te tft* 

dW/dA calculation ftlatca tft* 4l***raotd -oluae» fraction *o*a not 

greatly   alter   tn*     elaetlc   ton*   alt*     at   tn*   onaat     of   crack   astana ton 

'r*o   1*   n»»roal*»tely   equal   for   «.,   I«  tad  *),   tft*  4**iln*nt   effect   erf 

adding  dleeeraold»   la   to  «ecreeea   a,     Indicating  a avdlflent Ion  of   tft* 

•train   dlatrlkutlon  «ithf*  tn*  eleatlc   »on* 

lit 



( 

( 

I 

••5.*    »tf«M  aad  Strain  Oletrlbwtloaa 

A« referree to la CV I, clM validity of J{c M % feet 11* 

tract«!« toughness criterion depends oa It« ikl'ltr to characterise 

the crack tip plaatir iirtii-itriin field at the oneet of crack 

«aten*toe. The pronounced lacraaaa la J|e „lth 4i,pa,aold eo«ta«t for 

the alloy« la the preaaat study thus suggest« that dlspersolde 

lacraaaa tba aaceeeary atraaaoa sad or atralaa at the crack tip far 

the predominant fracture «lcroaaehaaie« to operate The nature of taa 

chaa#e la atreee sad «train distribution of the pleattr tooa can he 

luferred   fro«  the  work  of   lice  aad   Johnaon   (1970). 

tlca aad Jaaaeoa considered the role of large crack tip gaaaatry 

-hange«   la     plane   «train     fracture  aad     related  crack     blunting   to   taa 

atraea and strain dietrlhuttoae la froat of the crack tip. Their 

graphical eolutlone praaaat these dietrlhutloo« aa a function of X/4 

««are I Is the poaltlon of a point la ftent of the Initially sharp 

crack and f la the CTOO. Considering first the stress distribution, 

•lea  and     lohn«on   (1970)     fig.      10  shows     approilsvste   aodtfled     stress 

distributions <<»TT/oT) M dapeadaet aa Initial yield atrala ay/I —* 

hardening esaoaent •• Thee» curves are shown la fig. 4.10 («here o /g 

was taken m* 0.005) for • eawal to 0 and 0.10. Since R la 

eaproalaetely 0.0) for the preaaat elloys. this curve wae Interpolated 

fro« the Mice and Johnson result. Because of their law work hardening 

ratee, the preaaat alloy« are subjected ro a aaslaw« achievable atreee 

that   la   >*et   over   three   tie»«   tba  yield  atraaa  and  occur«  at   ebowt   2.1 

crack  opening  dlsplaceaent•   In   front   af   the   tip.   flace   the   value«   of  • 

alallar,     the   larger   »o  (###   TafcU   kt) w|tt   iM:ra«aad    dlepereold 

tent   «sen«   chat   the «aalawa    straaa  eccra   further   la  fraet     af   the 
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c 

crock tip. towiti, CIM aealauo «beolut« value of J__ would 

algnlf tcsnt ly. Till« Indicate« that ClM pr«do«lnant fractur« »ifhinlM 

is wit steetly stress ont r oiled aloe«, tf It war«, a larger iQ ^^n 

awe   a»   required. 

lie* «öd .loh—so (1970) alao »let the effective plastic strsls as 

s function of a/4. Th« distribution Is shown In fl§. 1.21. The 

eperoilaet« ee,uatloc. for tails strain distribution oaa given by 

Schwalb« (1*77) as oa. '1.57), although Schwalbe'a equation appear« to 

correspond to th« 'ully plastic cur»«. Th« sawII seal« yielding curve 

of fig. 1.21 -»radlet« taro pleatic atratn mt epproxlaetely two crack 

opening diaplaceejenta In froot of tba crack tip. This Is clearly not 

accurst« for th« prasant alloys where tho plastic «on« slss st aasst 

«as eg to sli ttssts larger than tba crack opening dlsplacaastat • Also, 

?he notchad teosll« toot r«sult« showed that dlaparaolda tacrees* th* 

effective plaattc atraln at fracture for the «as» atraaa trlexteltty. 

It therefore sees» reeeonable to assue» that the atraln distribution 

la froot of the crock tip changes frost alloy to alloy sad that this 

change is coat rolled by the dlspereold cooteot. The following 

•uassarlt«« an atteeet to describe the aegaltude of the straia 

distribution   change. 

Taking the for« of the pleat ec straia diet rl but loo fro» He« ea* 

iohneon,   asw  oktal ae   the  genera)   fa 

(p  -  A  «  • I («.I») 

Solving   for     the   cooetent«     A  and     I  for     eecn   alloy   require«   too 

ry    coodltl« The    first       sets     i. 'p    ee.ee 1       to    0    at       the 

eleettc-plaetlc   leferfece,   I.e.   at   («/«)•(*0/rpo).   The  secood  bowed«ry 
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Ittlon     laaoeaa     tha     fractura     attain     of   tha   aoat   highly   trlaalal 

notch   tanatla   aaaclaan   aa pantry.     Th«  «oat   aavara   notch  corraaponda   to 

9jyl*l  of   2.1*.   fro»   fig.     4.10,   thla   atraaa   fata   occura   at «/«  aajuat 

to   1.09.   Ttorafort   tha   aacond   boundary   condition   la   «_-Jf   at a/*» 1.0*. 

Thaaa     condtttona     «aal     th«     raaultln*     valuaa     for     A and   I  ar« 

tahulatad   to   Tafcla   4.4. 

Tabla   4.6 

Conatanta   A  and   I   for   an.   (4.IS) 

Vroo if   for 

for 

a*              *»-0 a/4  -   1.0» A B 

HT              0.522 0.011 0.020 -.0145 

ML              0.152 0.0*4) 0.00» -.0135 

m          o.i7o 0.0*7 0.130 -.022t 

Ml              0.213 0.1M 0.702 -.0470 

NC              0.2)1 0.1K) 0.1*0 -.043« 

•aw to tto Minastlom tnwiwd, tha «aluaa of A and B givan 

aaoaa cannot to taken with atooluta cocifldanca Nowavar. thay arovtd« 

• raaaonnala coaaarlaon of (tea at rain dlatriant Ion in front of a 

•lwnttnf  crack   tie   aa   a   function   of  dtaaaraold  contant 

Thaaa raaulta will to dtaruaaed In two cantaata flrat, at tha 

critical aaiat «ton 4 aanala 4#; mm4 m<9m4t in ttm «aaaaral eana of • 

4.. 

in   4. I«   uaad   I«  aa]     (••!').   '"•   «»rain   arofll».   la   tto   alaatU 

it   can   to r»d,    mm  la Im  ft«,.     4.11.     Tto  alaatlc 

lit 



SO**    elf*    *»    Oaj*et    r^,    «g   --Mi   ,Br   ,«,.»,   -lloy   OB    rh.       abecleea. 

praaented In thl« way , «*v*r*i point* Wcoar clear. At th« oneet of 

crack eat«naIon, alloy h*T sustain« high «train« ower oaly a vary abort 

distance. Owe to the loten«« ill* hand« that form, «train 

concent ret tori« (aa«t therefore itrtu concentration») ara created at 

the grain bound«rtea. Coodltlcma for «old auclaatton at grain bowaaary 

part Idas mrt ««tf«Med «ejlcfcly amä low anargy deaetll« rupture occur* 

along tha rTZ. For th* dlepersotd containing alloy*, the plastic too« 

alia* at onset are alallar. but ha «train profit*« raflact th* 

lncraaao '- «train required for ruptur« «a dl«par«old« hoawganl«« tha 

• Up. Aa a fractur« criterion, tht« 1« equivalent to «aylng that tha 

critical «train au«t be achieved jwr a larger critical distance. 

Thua. in thl« «aria« of alloy«, th* critical aicrostructur«! dlataace 

lacreeae« with «Up hoaaoganltatIon. Th« raault« for alloy NC »boa« that 

thl« 1« tna* only aa long aa tha fractura aachante* do«« not change 

Th« lower «train profll« at crack aatanalon oneet for alloy NC 

reflect« tha »ecreaae In tha critical distance cauaed by th« preaenre 

of coarae taclueion«. Tha«* coar«« inclusion« eerwe a« «old nwcleaf Ion 

•ltaa for tha t ranagrartular «wet tie ruaturr eechaafea which 1« 

euparteposed on th« grain bowed)«ry «wet 11« rapture aechaale*, living 

fracture  at   lowar   «train« 

a  —coed way  to cone1der   tha   reeu.t«   far  A and  B  la Table  4.«    l« 

ta  cosjaer*   Che     atraln   profile*   plotted     against   a/1     #or     g   i#aa   than 

*a» Tbea« ar« ahown (n fig. • 12. for « glean poaltion a aad crack 

aavalng dleplaceejaat 4, the itratne are higher aa the «an tat of 

«leper«old Increase«- Thl« can be ««plained by Che ef f ret af 

dlepwreolde aa Che crack dp geoajetry referred to la aac. A.).I. 

ir,     Che  and*:      propoeed   by     lit,     rtae   aad)     Nwra   (!•'")     auat   be 
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tried •lightly Their aode 1 Ignore« the Mttrlil «lernstrurture east 

aasuaes • aacoth, semi-circular crack tip. UM«, for th« aaaa applied 

atraa«, th« plaatlc too« alt« la aaallar when th« crack tip <.pealag 

dleplaccaent la larger, 1.«. graatar blunt lag- Thla aspect of th« 

1 coatr idlcta tha alaatlc aaa alaatlc-alaatlc analyeee which 

prallet th« »aa» crack tip opening dleplaceaent for alloy« of tha eea» 

•lal- strength loaded eo a given atraaa intensity facto?. A* an 

alternativ«, It la rsgaaatarf that tha crack tip opening displacements 

ar« Indeed th« aaaa, hat tha aaoothnaaa and shape of tha blunt lag 

notch root aaaa aal oa tha aicroatructure Thla law« la repreeented 

echaaw-t Ically In fig. 4.13 for «atraaa situations of hnangeaaewa aaa 

heterogeneous allp. Por tha hoangeneoua «Up caaa (fig. 4.11(a)), slip 

occurs oa aaay plan«* «ad ee tha crack tip opaas to a given 

displacement tha crack tip profile can blunt la a emooth arc This 

bloating ralaxao tha local straas Intensity at tha crack tip hy 

plastic   flow which   produces   higher   strataa   In   froat   of   th«  tip. 

Whan slip la heterogeneous aa In fig. 4.13(b) the crack tip 

cannot blunt aaoothly bacauae slip la occurring oa a few coarse allp 

bangs. Thus. for tha aaa» A, tha crack tip te sharper aaa tha local 

atraaa latenelty higher than for hoawganeoua slip. The plastic aaaa 

extends farther awe to tha higher local K at the tip, hat the atraln 

la tha plastic sea» Is aaallar hecawee of the aaallar dleplacasjeate of 

tha opening tip fee«« Thla «ode 1 can ha uaed to eaplaln both the 

chaage la plastic aaaa alte aaa tha change la pleat 1c «train 

distributions within the plaetlc aaaa la teraa of tha aiereetrwctural 

affect   aa crack   tip  geoma   ry 
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*•*    HlcrosMchaal of  Crack   Excan*ion 

I 

Tha an gal proposed In tha pravloua »action doas not spaclflcall? 

coosldar tha tlrronruttura 1 aachanlsaa Involaad in crack ntttulaa- 

Te do so, tha thra« dlaarnaloaal crack tip plaattc tea« aaiat ka 

coosldarad 'ractogrsphlr analysts of tha prasant atud* tern» s»ux#r ttiar 

CH« pradoninanr fractura aachanlsa 1» tha«* alloys la ductile ruptur* 

along tha PfZ. As tar coars* Inclusion -ontant tacraaaaa. 

trsaagranular duct,la rupture alao aacoejas as lsjaortant foot rl but log 

ü MnU« hut. for CM unawnt . only tha PTZ path «rill k» eoaaldarad- 

Tu« appearance of floa dtavlee containing particle« on th» 

latargraaular fracture aurfaca« coaflra that tha noch« a lea occurs ay 

»old initiation at grain aaaotaar? parttclaa followed ay «old growth 

and coalaacaaca. Goods and »roam (1*79) review tha lit «rat «ra 

concerning awe leatton of cavities by plastic deformation. One of thalr 

conclusions la that, for aateriale which exhibit coara« slip, plastic 

ralaaatlo« la aot fa»ourad and cavities nucleate at low plastic 

strains- This situation can ha illustrated by aaautalog that as!« 

aaclaatlon occur« «nan tha latarfaclal straagth Oj of , 9Tmln boundary 

part lc la la sseaadsd by tha local straaa Oj ^.r ttM particle. Tha 

local strasa «ill ha graataat at tha point« whara slip hands taping* 

aa tha grain boundaries tStrsh, f«\* and lf>»5). Assuming that s slip 

hand lsstnges on a partlcla, tha local strass aaar tha particle Is 

giaan   hy   (»row«   and   Stahbs.   lt/7a 

•l  - aalXa,) \'i 

*} Is tha local dislocation senetty 

«awn that tha sftsct  of dlepersolde 

•»• 

(*i#) 

I  a'-  1/7.     sWUng   (It»») 

tha   slip     dlstrthutton  of 



tha praeam alloy« 1« to Increase bot In CtM Masher of «Up banns and 

tiM width of oecr, nasal, to the coats« of «a. (4.1»), eh« broadaalsg 

of a allp hood by dlapnreolda will reduce the local die location 

dnanlty and, to turn, ths local «tree« at tha hand of the allp band. 

la  tsrnn  at   raw   local   »trmia,   a*.   (4.)»)  becc 

" '8 (4.17) 

for tha auclastloa of a «old at a grain boundary particle. Although 

an,. (4.17) la oarlvnd on Can anal« of a critical atraaa at the 

partlrla tntarfaca, tan atraaa la producod by tan local dlelocatlor 

dnnait» which la a fwactlon of Can plaatlc strain la tan aaterlai 

Therefore, tan failure rrltnrloa refer« fundaanntally to strain (Goons 

and  •row.   l*7t). 

W».ni   etudlns     Argor   «t   si. .   1*75;     r ranch   and  Wnlnrleb,      19 

haw*  shown   that   tha   crltlc«l   atraaa   to  nucleate  eswitiee   la     as peasant 

QS  hydrontatlr     atraaa-     Thna,     tha   condition     for   «old     nur lent lor   at 

train   boundary   part«else   baron»• 

'   m   »   91 (*.!•) 

r*   *|  1«   ths  hydro«tatlr   tanaIon.     By  analog«   to   tha  dsvelopannt   by 

sad  »rown   (!•?•).   as.   (4.17)   bacon»« 

'   » •><*!   -  «•> (4.1») 

k*     la  a    constant   thar     Is  as     Invsres   fanetInn     nf   ths     «olwan 

fraction  and     slsa  nf     grain   boundary     partftclna       Tan   rnault«     nf   ths 

stony   far   *»th   taaall«   twata   sad   fractars   tmajhuane   taata     eas> 

«•platans     anal t tat Inaly   la     tnmn  a«     dlnaeraotd  affect«     oa   laeal 



I 

I 

dislocation  teiiltf   mmi   grain   air«   <MIO|  aa).   (4.14). 

COM I «or 104 ft rat tho tor» «.1 ctM thoor« »rollet, that tho 

aoclaatton «train «howla «ocroaao a« tho «olvaan fraction of »artlclaa 

tacroaaoa »Tinea (1*77) conclu4od that tho grain boundary »artlclaa 

of CtM proaont alloya aro of two ;r»»i - tflaporaolaa ottlch hajaaanoa to 

bo tntaraoctod by a grain bann an ry a*M tho nmmml grain boundary 

oroctattat« found In oany ago Horoonlng •••tan». Tho— (1*41) 

augg*«tad that tho Lattor CJUI« ha alllcon aractaltatoa- Stncn alloy 

MT 000a not -ontaln alaaarraolcs rot «00a ashlbtt' «old I alt tat loo at 

tho grain Boundary portlcloa It la roaaonahlo to »roaiaaa that 

aortic la« of tho anjajgaaj typo ara maaoanlbl« for tho grain boundary 

anclaatloo altaa In alt tho alloya. bw*tr, calculation of tho «olghr 

»arrant of aacaaa allIcon «how that thoro la llttlo «lffaronca 

batvoon alloya. Tho moult« of thooo calculatlona. aaauatng all of tho 

«g  goo«   to  for» Hgjsl     aro  gl*on   to Tahlo  4.7. 

Tabla  4.7 

:aaa   alllcon   content«   (calculated) 

*ilor       wet grit   aorcoat   «acooo   all 

0.4) 

o.\e 

0.M 

0.M 

0.5J 

It   rhorefar« 

lift la   alff«rant tating   affact   hat 

alllcon   content   ahawle 

thai  alloy«       tether       tho    grata 



( 

( 

irr     precipitate»     mrm    Mt     likely     nUrH  ,*4W«.l   port tde»   >f 

eaoroalaately    »quäl     «IM    aaal    distribution    for    all     tto      alloy« 

Accordingly.   k2   u „.   (4.1»)  would  not   wary  «lgntftcaotly. 

Conetdertng  aast   the   hydrostatic   teaetoa   tarsj  ta  ag.      (4.19),     aa 

•w, tocraaaoa the aaclast ton at rein will dacroaoe- aaault» fro« «Mchal 

taaalle     taata     ara     -onelatent      with     thle     »rodlrtton.      Tha   frecture 

acraiaa «14 aacreaae with tncr««eadtrtaslailty ta de» aotcn although 

tie» aocraaea WM aot aacaaatv« for tha rang» of triaslallt tee taata«. 

Caae (1MI) haa «how« that a atata of locally lacreaeed trtaalallty la 

Induced ta t'ia rTZ when there (a a difference hetwoan tha «treogth of 

tha m and tha eatrtx. Tha aagrtltud* of thla local trtaalallty 

Increase« with tha «trvngth differential. «lore tha «eparar» 

acroaa-acraln relation« tor tha *F1 ana oat Ms ara not koown for tha 

present alloy», tha eowortty of thla affect eaoaot a* deteralned 

directly, »owwver. Mnc. (1977) fou»* that tha width »f tha ffl «Id 

not   »art  with   dteaoreotd  content.      If   tha  properties  of   tha  rTZ   can   a» 

to     aa     «lollar     and     tha     atraaa-atrain   relation  of   tha  awIk 

characteristic   of   tha  aetrts.   than  tha   «toiler   wort   hardening  eaponent 

of     tha     proowot     alloys    would     Indicate     that   tha effect   of   thla   fT7 

Induced   trtaalallty   ta  epproalnetely   tha  eoaa>   for   each   alloy. 

finallr.     dleporeolde  affoetlwoly  re due w  tha   lawal   »train  tarn 

la aa- (4.19) wy radoclng t*- dislocation daoelty la alia hand» aa 

thay taping» on tha grain sounderle» Althaea)» thla effect la alao 

difficult te euaatlfy. Oowltng aaaaured tha alia hand apartng af 

alloy« equivalent to WT, ML end • a I fuoctteo ad caaamroaalwa 

atraln. A »taw of hww thla alia hand eparlag thsasjsi la froat af a 

»looting crack tig can ha ohtalnad ay coejMnlag Bowling a aaaawrod 

Inga  with   tha  »train  distributions   ehewn   la     ft«.     4.11.     Aaeeaateg 



that har Mtiurtwnii •• a function of coaaaraaal <r» atraln can ha 

*p»llm<t to th* (»nail« atraln ia front of thai crack tip, fig. *.M 

•hoara thai altp ban« ap«ct«g a pl*tt«at agalnar dlatanca aha ad of th» 

tattlaltv aharp crack • at the valua of 4 corraapona'lag to crack 

.«tan.Ion oawt for aa r allay. «o fw ^^ .llpf th# ,u. WB- 

«pacing atcraaaai a* tn* atraln lncraaaaa taat th« crack tip. Ala«, 

for a «Ivan «latanc« la front of th* crack tip, th* all» kaaat «pacing 

•Kraatat with increasing 41apar«otal coat ant. Slaea allp banal wiJ»h 

an ha eonalawra« to ha tn«*ra«ly proportional to allp hand «pacing 

«Dowllng, 1*7\), th» »traaa concentration » at tha ha*a of a allp 

gtvan   by   (!»*•*•«  »t   al.,   If'5) 

*"fi]"' (•.») 

•trraaaa« aa 4t«a«raot«> co«it»«t loer••••«. I* »a. (a.20) 4 la tha 

grain alt» aa* tf ia tha altp baaa* wt«th. rh*a, th« crltarlo* for 

activation of tha grain fcaaaaary awrtll» rwptur» «lrroajarhanlaai caw ha 

e«**ta*ra«, In tha light of fig. *.l*. an occurring In a ragten In 

front of tha crack tip »h*r» th* coaahlnation of high principal tonal 1» 

atraaa, high atraaa trlaalaltty anal narrow. I at »na» allp baa** prowl«* 

th« aeceeaery c«*a11tl«aM. A aaeful «***! to aaaerth« thla c*«c«pt la 

th* Mal-rohMlw «on« «uggaata« by Gerberlch aa* •**•*> (1*^*) In 

which tha crack tip r*gl«n centalna armm» that h**a fractwr«« 

•aaarata« hy wafractwre« llgaaanta (letng thla ae**l Haagr aa* 

Qerhwrleh (1MO) ewcceaafwlly arealtct th* grata alt» affact aa tha 

fatlgw* tbreehale atraaa latanelty la tltaalw* alleye. ggwaraa (Itwl) 

aataa**« th« «aj*l-caheal r» aa** c«*c«pt aa a aa**| «f th* fatlgw* 

crack  growth  aachanla* at   all   tewela  «f  atr«aa   latenatty   factor     rang* 

12« 
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for     tha     preaent     «Her«.     Tha     aodel     la     equally     applicable   to  the 

•»•otoalr    loading   rrack   »«(»nilon   Mrh«n(iM   of   the   preeeot    »fad» 

A echeeattc of eh* aaal -cohealve soaa aedel ta ehown ta fig 

*.1V At the ti» of th» «am crack It«* a plaattc nat that eontmlm 

within It the aeeJ -roheatee IDM Aa the load la lncreaeed. th« 

plaatlc IOOJ« grove largar and rartaln grain bounder lee that ara 

favourably orlear-d to the eeitaua taaalla atroaa »ill fracture ay 

eicrseold coeleaceece aloag the PPX. Stac« dtapereolde awapreaa thta 

fracture aechaalea, fewer of theee grain sounder lee ope« up eheed of 

taa crack tip aad aara »«fractured Itgaaente raajala la taa 

aeai-coheetve aaaa. Mecroecoplr crack «ataaalon thee oorreeponde ta 

ta« fracter« of rhe reaalnlng llgaaaata aad tha yolnlng of tha 

aicrocracka to tha aala crack. Tata «apart of tha aeael la ceaalataat 

with ebeervatloaa aaaa oa plaatlc taaa apart«an« loaded to otraaa 

Internal tie« l«aa than thoa« required for oaaat. la «any caeee, «hott 

aacrocracke «ara obeereed 1« tha plaatlc aaaa ahead of the aala crack 

tip, oaaaplee of thla grata kaaaaary aaparatloa ara ehown ta fig. 

J.II. I« alloy NT, tha tatargraaalar fracture aaaa occurs at la« 

atralaa. Aa tha ealuaa fractlaa of dtapereolde lacraaaaa, altp becoeee 

•ere haaagiinuua aad tha teeeeecy far latergraewler fract«ra ta 

reduced, taa ataa of tha aatal-caaaat«a aaaa ta eerreaeed aaal larger 

atraina ara repaired ta fr«ctur« tha remaining llgaaaata. Time, tartar 

crack ttp «pantag dteplareaente at crack astaaaloa oaaat aaal larger 

frac'ar« taaghaaaaaa raa«lt. TTva aaal-cahaalva aaaa aaaal alaa ape 1lee 

ta «Ha* MC. •eeaaer, ewe ta tta aach largar «eaaer of coarae 

caaatttaaat parttclee, tha opening «a ahead af tha crack ttp «111 ha 

Pee  ta  hath   tetergreeuler   «acttla  rapture  aaal  eeeree  partlela    ductile 

though     allay    »JC     haa     aare     dlaparaolda     aad. 

i» 
• 
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tharaforo,   aara   Soaoganaoua   «Up   than   alley  III,   tha   fractara   U 

la   'icriiit^   «IM   to  tha   eoaraa   conatttuaat   part Idea. 

Tha »*al -coheelve toM aarvaa a« a reeltertr aaal ceatalataat aoeel 

far taw dteeuaeloa of frartura proceeeea la theee Al-taj-Sl allora- Tha 

1 Mitm tally predict a that coatlnwaal crack eateaeloa «ill occur 

ay eleceetleaeea haaee aa tha alerocrecke ohoee1 of the crack tip Una 

as with tha aata crack. Tha preeent etaafy nee aha— that tha aaMlttea 

of aenfaneee-heartag aleeareolee to paak a«aa *J-»ej-51 «Heye lahlklte 

tha alerocrack foraatioa ahaaa of tha crack tip aaal, therefore, 

tacreaaea tha reelataace to crack aatanaloa. Thaa, tha aarroecopl< 

frartura towghneae peraaetera la thaaa alloya ara coat rol lea1 ay tha 

41«paraoId   influence   aa  tha  alcroaerhanleaM   of   crack   «itensloa. 

Ml 



flaw« ».i 

rrtiMlMlat  alortro-i  elcro«raa*a   froa>  »rleco   (1*77)   of     hi* 

«Hoy   4   (eqalvalont   to alley  • )• 

a)   Maeoraofaa,   FTI   ana*  (rain   »vunoorr   prectaltata«   (A). 

•/ Looor aagnfftrat ton olrrograph ahovlng dlepareofda at a 

grata aaaoa'ary (I) tm4 light araa (C) «war« «laporaofda 

nova   boon  prof«rantlally ctrhoo  out   at   tho  «orface- 
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flgwra  k.l 

Iffact Iva       plastic       atratn       at       failure       «araua     itrtu 

trlaalaltt*   for   ootcHa4   taaaila  apaclaatna       Irror   bar* 

full   rasa*  of   valuta- 
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Figur»   ».4 

Plot  of tj.      caieulat«4  fro« Loaat   «ad Griffith«      aaal«*la, 

»aaloat   th*   »sparlaant«!Iv  aatarwinad  Kq. 

) 

flgur«  ».> 

Schaaarlr of coaaaci tans Ion »aaclaan uaaar load, ahowlng 

location of tna cmutn of rotation. 1 la th» rotation factor 

aaa) | - Ir-a. 
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Figur«  ».» 

Correlation fcotwa os»«rla»nt«11v d*t«rvtMr4 J. &mi gm'^. 

Straight UM U •»••« o« eh* (oraiU J - maj6 lrtth B mmt 

•qua I   to  MM. 
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rigmrm  a. 7 

••fcaaatlc aHowta« tha (top*a4**r* of plastic MM als« »fo« 

til« gio—try of tha «etch and tha aaallad MM lataaalt» 

factor.   I (after Ua at  al •.   ltT»). 

i)   Saaa  aauaatry   hat   «tffarant   as* Had  atraaa   Intaaaltlaa, 

»»ft, 

'•I   *  r», 

ha     aaaa     asalla4       at r a)   Mffaraat     asuaatrlaa     at 

> 
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Variation of aaaartaantal alaattr ton» als« with atraaa 

lataaalt? factor ami ftala atraagth. Valuaa of -1 ara «arlaa« 

fro« tha aawatlo«! 

'a • a t * 

UMI     ara    aatraaalataa'     ta    tta    «alaa of  atraaa   lataaattr 

factor  at   crack  aataaaio«  oaaat,   K^ 

Ailar • <*•/•»>'   <•»> 'a•-a<••/•T), *** 

m 0.012 M 119 

NL 0.0*4 11.5 «to 

m o.on i/.; 4*0 

m 0.011 tt.i »JO 

MC 0.017 99.1 M0 
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rig»• 4.» 

<:arr*\mt torn  of  w»rfc   a»«orb*4   **r   wilt   •!-•«  «f   er*ek 

• •   calevlat«4  toi««)  with  m>*rla*atal   Jlc. 

Mirfac« 
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riff ».10 

No4iflo4 itrtn distribution 4M to crack Up olMtlag. 

TtkM fro« ftlco M* MMM (1*70) flg. 10 for oyfimO.OtH. 

TM    ooat     hljhl»     trloalol     ooteho^     toootlo  o»oelo**i  ««*••• 

'rw/oy of   7.26 «hlrh  corrooooM«   to  I/« of   l.Of. 
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flUir«   4.11 

Eff•<•»!»•  pUatlr   ccral it   v*r«u«   41 «t • 71*" #      •»»# 

ii»,  ikM at th»   «KMC •r crack   »ittniion 

«• • * to • • 

Alloy «o IM A 1 

• • 0.0278 -0.014) 

• 70 O.OOM -0.011) 

IX 7» 0.12t* -0.0221 

Ml «2 o.aoi -0.047O 

• •1 ').IM> -0.04* 

of   tlM     crmc* 
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flgura 4.12 

tffactlva plaatlr «train •« a function of dtatanc* ahan4 of 

tha craca. tip «ad crack tip ooanln« dlaalacaaant• Valuaa of 

A ami  I ara ahotm In tha caption for fig. 4.11. 



>• 

( 

•H 

I 

T f       »       t       |       i       «       f       i       r—-»  I i I H 
1 



) 

Mgora   4.13 

Schmant !r   »homing     th*   äffact     of   «11»     olatrlbutloo   on     cHo 

crock   tip   radlua  of  curvature,   4.   loch   (a)  mod  (h) art 

•(   thn   ana»  aaollad  K and   tho  mmmm   I. 

<a>   aoojagonnoMa  alia  distribution     gtvoa   «  aaooth     blunt lag 

notch,   largo   red tu«   of   cur»«rur»   and   »noil   plaatlr   cooa I 

*>ao. 

(b) «or« hotoroaonaowa alia «letrtbut Ion glooa an — 

notch root, ooallor rooWua of curvature and largor 

plaitlr   aooo  alia- 
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'tMAi  4.U 

•11|>     iMi     >^IH.      *     u«k««     froa IM| itni ,.,..•• 

IIUM«   a*l**4   <*i    tt»      -far» «t..        «tM «•  at   crack     MIMMIM 

«MMt    «•<•«   tlM      ftrtla   «t«{rlV»tt«M •r   rig. 4.11        Uaaa 

atom  tlM   <la*«r   rtfimlMi   «ilM't   far  «*ek  «II«»» 

Allay      • at •<»•) 1 ttrala 

1.« 1.« i.t M 

• 
I         «1.) U.» • ic.t 

9        1.11 I. »1 Mi i.*i 

• 
•     1» 1*0 i» u.i 

p        1.11 i.tt i.« Mi 

* 

I         m M m - 

»        x.n l.ii Mi • 
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«rliMtilr   of  er*ck  tip,  iMt-t«iwil*f  MM mmi  »la«ttc  MM. 

1MM<    w—m       r«fr««#«e     »«fftfiurW       llgM»*ta (after 

»rWrlfh   aaal  NaWy,   19'«). 

•• 





Ckaytar  * 

CLOMM 

5.1    Ctfwlmlmw 

rhi« ltiff(tl|ttlon hoa act afcl I «nea a direct link WtwMn ttM 

alcreetrweteral fartora controlling the crack tip oeforeatloo 

•rwttMi earf iM aacroocoplr fr»rtur» toughnoaa »trMtttri. »» 

rrawllii mtf »eet»ge«M»ott8 «ill p. «Ilaperaoltla alt at the aiowtry of tk« 

klewtltag crack tip to give • larger rocluo of rgr»unr» Tkla kltaete«! 

crack tip kee a aajallar effective atraaa lateeeltr rector aa*), 

tkerefere, a eaaller aaeectatee' pleattc tone oiae. Tke work ta for» a 

aalt araa of aa« crack aarfacc «9J/4A, aa calculated free tha pleat I« 

eeeje alaa, kaa kaaa ekovo la cerreepe*»a a«lt<- cleeelv ta tka 

eaywrtaeetall*  ootarelno« tactile  fractwra  tiigliMii  «W, 

la aaMltlo«.     etker   eaeclftc  eeecUelee* «kick eeo  ka  «treat«    (raa) 

tkla «ark  arc  aa  felleset 

I 1W aaMltlaa of ea«ee«*oeo-keerl«al 41ee*reelc pert Idea ta a 

agatf Al «*g «i allay *t#»lfleaertlr leyraeaa tka «atllU freetere 

teaajkeeea ee a**iurW e* tka J-la agral at lac(pleat crack 

Tke legrreecajaat kraagkt akaat ky «laporeoiaa la «lee ta 

i!•• of tka grain kaoaaacy «Will« ratet «re eaeUeelea kr 

4laaaraal4 offer« aa gruin alaa eatf afcee* aatf tka kaaaguai«atlaa 

af alto «Utrtkotlea 

I Tke keteeflclel  effect     »f  «laaaraalaa  la    «e>tioii*«  kp «ei*g    tka 



( 

aaaiaaai unit of MH|IMM that CM bo hoi« in NIU «oluttoo 

with tlM Iron rontaot kaot to tha •I«I«M obtalnahlo Tho 

^wifdil purity alloy containing an aaaractabla aaawat of Iron 

kM a looor «vettla fractara t»a|Waili than) th« oattau« but 

higher than a Hoy a containing laaa than th* na«, aus «an.iii of 

«laaaraola*. 

) Tho «laooraol«*« alao raault la «a laorovoaant In alia« raalataac« 

to uaatabl« crack eatana tan ma mmmmur*4 hy tha aloao of tha J 

raalataaca earaaa. 

* far tha ommm Inaucaa' trlaalal atraaa atata la mmtemmd taaalla 

oaaclaaaa, aoctllltr lacreaaaa alth alaaoraol« contaat. "ar tha 

aaat highly trlaalal atraaa scata notch aaaaatry, th* kaaaftrial 

affact of ataaoraol«« la aeaanrhat om*}mtm4 ay tha «alatartaaa 

affact af caaraa eaaatttaaat aartlrlaa la tha eaaaaarelal awrlty 

alloy. 

J Tha allay aarh haraaalao, aaaaaaat ahaara a aaaII hat aataetaala 

lacraaaa alth  «laaoraola  «oloa»  fractlaa. 

* rar tha atailar rial« at rangt ha la thaaa allaya, tha crack tla 

alaatlc aaaa alta la aaa^rttaaal ta K1 aval tha commtmmt af 

proportionality aacraaaaa aith tacraaala« •faaaroala' aalaaa 

fraction. Thla affact eaa ha rat I aaa 11 aaa* la taraa af «laparnoi« 

laf loaaca aa tha affaatlaa raaHaa af earratar« af tha klont ing 

crach  tla. 

'   for    tho   Iron      fra>« illifi,      (no   oroaomlnant   «I rrooorhanlao   -f 

.rack      -at ana I on      la        grata     boooaary     aWtila        root »r a Thla 

airroaarhanlao oaorataa ho rala Initiation at grata haaaiary 

aarttclaa fallaaajtf hy «at« growth aval ggataaatWgaW «laa« tho gram 

banaaaary  avaclalt»  a  fraa  »«••• 

It» 
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• rtv» -oneMr f on« for act 1 vat to« of tha grain bo«i*4ary eecttla 

reatara eecheataa ara roeiroll»<( net ay »ho ataatic «eec alia hot 

by  the atrata  eerf  atraaa  «Istrtbwtieea ottMa  tha  slaatlr   seeo. 

f The eeaeeet af a aeel -<-(?»hoe!»a tea* taaoatataly ahoad of tha 

crack tip proatdaa a »eoilsttc eeeel ta eaacrlae tha 

elcreeechaataac  of     rack   aataaslon  in  tdtii  alloya. 

V*    MpUcatleea  tor  \Hoy Pealga 

Tfci« atn«T hea ah««« that tha farreat -rraair. )«! practice af 

eacialala* tha ftaaearlng 4iaparaol4 ceetaat of p*«h «gad AlHhj-tl 

alleya     raaalta     la »abataatlal     laeroaeeeata     la eecttla  fraetwra 

taaahanaa msU rial at «IM a ta aaataala crmek aataaatea. Although farther 

tapraveeeot (a thaaa aereeotars cowl«1 ha obtain*«' ay eon« factor tag 

ceeaerctal preeecta fra« «ha IM» alley hat oat eg a high eartty 

aleelalaai haaa (Ml as aaaaaao ta NC la tha areaeot atoriy), tha raaalta 

af tha carreat laoasttgetlaa ioalrat« that tha aeattlaeal haaaflt 

golaa« 00014 ha far owtvalghe* ay .ha lacreaaee coat af aleeialea 

earIfteat tea. 

$.1 tl« for  Farther Marh 

the aceeeat at*** hea eheaja thet 'ha eecttla freelera taaajhaaaa 

•r aeea agaa *i «lg %t «HOT. ta laeraaaal ay the tetreaWtlee of 

4taeoreel4a te the at a r oat realere. Thla effect hea heee oaelalee4 ta 

teraa at a oaetaaaloa af tha grain heeeeery eeettle raatere aechaalae 

•f eteeh eataaalae »la the 4taeera*t4 tefleeeaa ea ally 

aaaaaeelaetlee. aithaag» the rial* atreaggh aa4 frale eleee ef tha 

alaaerael« coaxal ataa. aI laya    ara  ale!tar.     taxraaalag  the    4taeeraet4 

I 



•mtmarn 

coot ant ooaa bring atont a ailgar raaWtloa In fral» «It« ami 

lacrtitti tkt curvtt'ir* of tha grain ao*»dartaa Sine« ttoaa offacta 

»ill alao lafloanea tha grain aoundary «lcrnaatetonlaa, It would to 

daalraala to altar th* «lip alatrttotla» looapaodant IT of grain alaa 

affacte. T>ila eowld to mama to «arytag tho agoing traatea>nt far oaa of 

tto diaaaraotd containing all»ya. Coaaloartog tto agatag eoraan la 

flga. 2.1 ta 2.5, It la aoaalala to «odor ago and ovaroga tto alloy to 

tto •am» rlald at rangth for a flaod grain alaa and ahaoa THua. on» 

could altar tto tllp olatrltotlao ta tto eatrl« InaJopondam I y af tto 

41oa«raold. Ualag tto aaaartaantal tarhnlauoa doarrtaod In ttea ar.»d». 

tto dWtlla fractara teafwaaaa ami »laatlc tama alaa »arlatloaa ami 

tto raaultlag aarraajactoalaa» of etack aataoato« cow Id to ralatad ta 

ally dlatrttotlo«  la a alagla  allay. 

c 
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